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No. 1, dated 26 Apri l  1965. 
t h e  appendixes t o  t h i s  repor t  (Volume 11). 
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CONCEFTUAL DESIGN STUDY REPORT 

HYPERSONIC W E T  RFSEARCH ENGINE PRCUECT 

VOLUME I: ANALYSES 

By T. G. Pie rcy  

1.0 SUMMARY 

Analyses and s t u d i e s  leading t o  t h e  s e l e c t i o n  of a n  engine concept t o  be 
f u r t h e r  s tud ied  and r e f ined  d u r i n g  t h e  preliminary des ign  po r t ion  of t he  Hyper- 
son ic  Ramjet Research Engine Project  are described. 

Based upon Marquardt's previous ramjet and Scramjet component and engine 
s t u d i e s  and t e s t  experience, s i x  basel ine engine configurat ions were defined, 
each of which i s  bel ieved t o  be capable of meeting minimum performance, 
o p e r a t i o n a l  and s a f e t y  requirements. I n  developing t h e  engine concept, s t u d i e s  
were made of t h e  performance requirements and f u n c t i o n a l  r e l a t i o n s h i p s  of t he  
i n l e t ,  combustor, and nozzle components. R a m j e t  cycle  analyses  were conducted 
t o  d e f i n e  t h e  p o t e n t i a l  performance of each engine concept. 
coo l ing  concepts and development requirements were s tudied t o  a depth neces- 
s a r y  t o  in su re  a sound basis f o r  the engine concept s e l e c t i o n .  Also, each 
engine concept was reviewed as t o  i ts  compa t ib i l i t y  w i t h  t h e  X- l5A-2  and t h e  
goals  for maximum s a f e t y  f o r  t h e  X - 1 5  and i t s  p i l o t .  

S t r u c t u r a l  and 

I n  reviewing t h e  requirements and guidel ines  f o r  t h i s  work, two a reas  
were considered as deserving s p e c i a l  a t t e n t i o n .  
nized w a s  t h a t  of providing adequate engine performance over the required 
speed range. A t  low speeds, a i r  flow s p i l l a g e  m u s t  be minimized and i n t e r n a l  
c o n t r a c t i o n  m u s t  be small t o  prevent choking of t he  i n l e t  and t o  r e a d i l y  
permit i n l e t  s t a r t i n g .  On t h e  o the r  hand a t  t h e  higher  speeds, a d d i t i o n a l  
c o n t r a c t i o n  is  required t o  meet the performance requirements. These re-  
quirements have been approached f r o m  two ways, namely, t h e  use of v a r i a b l e  
geometry t o  match s p i l l a g e  and con t r ac t ion  requirements, and t h e  use of 
t he rma l  compression with low con t rac t ion  r a t i o  f i x e d  geometry i n l e t s .  Secondly, 
i n  developing c r i t e r i a  f o r  t h e  engine concept s e l e c t i o n ,  it w a s  recognized 
t h a t  t h e  s e l e c t e d  ramjet engine should provide as much research f l e x i b i l i t y  
i n  d e s i g n  and ope ra t ion  as possible  such t h a t  it might provide a m a x i m u m  of 
r e s e a r c h  d a t a  t o  a i d  t h e  design of f u t u r e  p r a c t i c a l  a i r b r e a t h i n g  hypersonic 
ramjet engines.  The engine s e l e c t i o n  c r i t e r i a  t h e r e f o r e  included performance, 
f l e x i b i l i t y ,  and s t r u c t u r a l  aspects  including cooling, development require-  
ments, and t h e  a p p l i c a b i l i t y  t o  p r a c t i c a l  f l i g h t  configurat ions.  

A requirement e a r l y  recog- 

The recommended engine configurat ion r e s u l t i n g  from t h e s e  s t u d i e s  employs 
thermal compression t o  o b t a i n  performance levels exceeding t h e  minimum per- 
formance goals i n  a f i x e d  geometry low con t rac t ion  r a t i o  engine geometry. 
Highly swept leading edges reduce leading edge heat  load and a i d  i n  promoting 
i n l e t  s t a r t i n g  a t  t h e  low Mach numbers required.  The bas i c  i n l e t  i s  square 



i n  c ros s  sec t ion ,  and a s i n g l e  contoured centerbody is employed t o  provide non- 
uniform aerodynamic compression which is  i n t e g r a t e d  with t h e  d i s t r i b u t e d  f u e l  
i n j e c t o r  p a t t e r n  of t h e  combustor. Func t iona l  f l e x i b i l i t y  goals  are reflected 
i n  t h e  eng ine ' s  c a p a b i l i t y  of  operat ion over  t h e  e n t i r e  flight envelope of t h e  
X-15A-2, i n  i t s  a b i l i t y  t o  b e  operated i n  a subsonic combustion mode i n  t h e  
lower speed ranges, and i n  i t s  incorporat ion of r ep laceab le  l ead ing  edges 
on t h e  i n l e t  cowl and centerbody t i p .  

Supporting analyses and experimental  t e s t  resul ts ,  t o g e t h e r  with general  
s u b s t a n t i a t i n g  ma te r i a l  a r e  included i n  t h e  appendixes (Volume 11) of t h i s  
r e p o r t .  

2 .O INTRODUCTION 

NASA has taken a n  admirable s t e p  toward t h e  development of t h e  hypersonic 
ramjet engine by its sponsorship of t h e  Hypersonic R a m j e t  Research Engine P ro jec t .  
System s t u d i e s  have inc reas ing ly  been concerned wi th  hypersonic l i f t i n g  v e h i c l e s  
f o r  a p p l i c a t i o n s  t o  va r ious  long range ea r th - to -ea r th  and ea r th - to -o rb i t  
missions as w e l l  as t o  m i l i t a r y  missions i n  t h e  e a r t h ' s  atmosphere r e q u i r i n g  
g r e a t  speed w i t h  economy of operat ion.  The high specific impulse of t h e  hyper- 
son ic  ramjet engine makes it e s p e c i a l l y  a t t r a c t i v e  as a source of propuls ive 
t h r u s t  f o r  t h e s e  missions. 

As c o r r e c t l y  noted by NASA, t h e r e  is a s u b s t a n t i a l  background i n  component 
research i n  r e l a t i o n  t o  hypersonic a i r b r e a t h i n g  propulsion, i n d i c a t i n g  a t t r a c t i v e  
performance p o t e n t i a l s  above Mach 6 with supersonic  combustion and below Mach 6 
with subsonic combustion. However, t h i s  research has not as y e t  culminated i n  
t h e  des ign  and test of  a s i n g l e  f l i gh twe igh t  hypersonic ramjet engine system 
possessing t h e  predicted f l e x i b i l i t y  and performance over t h e  speed range shown 
t o  be of i n t e r e s t  i n  some mission analyses and system s t u d i e s .  The engine 
system tests t h a t  have been conducted, while y i e l d i n g  va luab le  experience and 
design information, have been r e s t r i c t e d  t o  simple co ld  w a l l  b o i l e r p l a t e  type 
cons t ruc t ion  wi th  tests at  s p e c i f i c  Mach number-temperature condi t ions.  

Phase I of t he  Hypersonic R a m j e t  Research Engine P r o j e c t  encompasses t h e  
analyses  and s tud ie s  leading t o  t h e  s e l e c t i o n  and d e f i n i t i o n  of t h e  best  
poss ib l e  research engine, t h e  development of t h e  prel iminary design of t h e  
s e l e c t e d  engine concept, and t h e  preparat ion of a development plan f o r  t h a t  
engine. The engine w i l l  be  test  flown under t h e  X-15A-2 research a i r p l a n e  
over a Mach range of 3 t o  8 and a t  a l t i t u d e s  ranging from .5O,OOO t o  122,000 
feet .  I n  a d d i t i o n  t o  meeting c e r t a i n  minimum performance and safety require-  
ments, it is recognized t h a t  t h e  s e l e c t e d  ramjet engine should provide as 
much research f l e x i b i l i t y  i n  terms of design and ope ra t ion  as poss ib l e  s o  t h a t  
it may provide needed research data t o  a i d  t h e  d e s i g n  f o r  f u t u r e  a i r b r e a t h i n g  
hypersonic ramjet engines. This r epor t  p re sen t s  t h e  results of s t u d i e s  and 
analyses  l ead ing  t o  t h e  s e l e c t i o n  of t h e  b e s t  poss ib l e  research engine.  
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3 .O GUIDELINES AND EARLY NARQUARDT DECISIONS 

The general  gu ide l ines  f o r  the development of a research o r i en ted  hyper- 
son ic  ramjet engine are summarized i n  Table I. 
underneath t h e  X-13A-2 a i r p l a n e  at speeds ranging from Mach3 t o  Mach 8 and a t  
a l t i t u d e s  from 50,000 t o  122,000 f e e t .  
a i r p l a n e  are shown i n  Figure 4 of  Append.ix A t o  t h e  Statement of Work (L-4947). 

The engines w i l l  b e  tested 

The f l i g h t  boundaries of t h e  X-l5A-2 

, .  
The NASA Statement of Work (L-4947) s p e c i f i e s  t h a t  t h e  c o n t r a c t o r  s h a l l  

se lec t  a design-Mach number-altitude p r o f i l e  f o r  h i s  engine wi th in  t h e  f l i g h t  
envelope of t h e  X-15A-2 and on or above t h e  l i n e  B-B (Paragraph 4.1). 
it is  requested t h a t  t h e  engine be  o p e r a t i o n a l  over  a 15,000-foot range over 
t h i s  design Mach number a l t i t u d e  p r o f i l e  (Paragraph 4.1.3). 
Figure  1-A, a llarquardt o b j e c t i v e  w i l l  be t o  make t h e  engine o p e r a t i o n a l  over  
t h e  e n t i r e  X-15A-2 f l i g h t  envelope t o  inc rease  t h e  engine 's  research f l e x i b i l i t y .  

However, 

A s  shown i n  

. 

It i s  a l s o  a Marquardt object ive t o  provide research f l e x i b i l i t y  through 
v e r s a t i l i t y  of  combustor operat ing mode. 
son ic  combustion at  speeds from Mach 6 t o  8, with a s p e c i a l  requir,  ament f o r  
supersonic  combustion a t  Mach 5 t o  provide c o r r e l a t i o n  between ground tes t  
f a c i l i t y  and f l i g h t  tes t  r e s u l t s .  A s  shown i n  Figure 1-B, t h e  engine w i l l  b e  
designed f o r  supersonic combustion c a p a b i l i t y  over  t h e  e n t i r e  X-13A-2 f l i g h t  
envelope. Supersonic combustion at t h e  h ighe r  speeds w i l l  u t i l i z e  thermal 
compression, or d i s t r i b u t e d  hea t  re lease,  t o  produce acceptable  performance 
l e v e l s ,  with low c o n t r a c t i o n  t y p i c a l  of f i x e d  geometry i n l e t s .  Dual mode 
c a p a b i l i t y  is a l s o  a n  ob jec t ive .  The ex ten t  of t h e  f l i g h t  envelope f o r  which 
subsonic combustion w i l l  be  t e s t e d  w i l l  be determined during t h e  preliminary 
d e s i g n  a c t i v i t i e s  of t h i s  Phase I program. 

The Statement of Work r equ i r e s  super- 

The Statement of Work d i r e c t s  t h a t  t he  c o n t r a c t o r  assume t h e  engine t o  
be o u t s i d e  of t h e  flow f i e l d  of the X-15A-2 f o r  b a s i c  analyses and prel iminary 
design.  Performance requirements for t h i s  uniform free stream flow f i e l d  i n  
terms of i n t e r n a l  t h r u s t  c o e f f i c i e n t  and f u e l  s p e c i f i c  impulse a r e  shown i n  
F i g u r e  2.  However, t h e  engine s h a l l  be capable of ope ra t ion  a t  angles  of 
a t t a c k  as much as plus  or minus 4.3" and s h a l l  accept  t h e  nonuniformity of 
t h e  X-15A-2 flow f i e l d  f o r  as much as 10" without g r e a t l y  compromising t h e  
performance. 
condi t ions f o r  t h e  engine s e l e c t e d  f o r  prel iminary design. 

I n s t a l l e d  performance w i l l  be p red ic t ed  f o r  a minimum of f o u r  

The allowable spread i n  maximan i n l e t  cap tu re  area is 1.76 t o  3.14 sq f t .  
An ear ly  d e c i s i o n  w a s  made t o  design t o  t h e  minimum allowable cap tu re  area of 
1.76 s q  f t .  
flow and t o  minimize engine weight, and is  f 'urther discussed i n  Sec t ion  5.1.1.7 
of  t h i s  r e p o r t .  
a l lowable nozzle e x i t  area of twice the  i n l e t  capture  area.  This gives a 
h i g h e r  i n t e r n a l  t h r u s t  a t  t h e  expense of some inc rease  i n  e x t e r n a l  drag. 

1 This d e c i s i o n  w a s  based upon a desire t o  minimize engine f u e l  

Also a n  e a r l y  decis ion w a s  made t o  u t i l i z e  t h e  m a x i m u m  

X-15A a i r p l a n e  requirements and t h e  information contained i n  Appendix A of 
t h e  NASA Statement of Work are summarized i n  Table I1 f o r  reference purposes. The 
informat ion covered includes engine i n s  t a l l a t i o n ,  engine attachment, engine opera- 
t i o n ,  and t h e  f l i g h t  tes t  a spec t s  o f  t h e  hypersonic ramjet experiment. 

3 
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4.0 ENGINE SEL;ECTION CRITEFUA 

Criteria f o r  s e l e c t i o n  of a n  engine concept (upon which t o  i n i t i a t e  pre- 
l imina ry  des ign  a c t i v i t i e s )  were e s t ab l i shed  e a r l y  t o  c a r r y  out  meaningful 
comparative s tud ie s .  
of Work (L-4947) t o  be  included i n  t h e  engine comparative s t u d i e s .  

Nine items are l i s t e d  i n  Paragraph 5.1.2 of NASA Statement 

The method of approach which was adopted is  ind ica t ed  i n  t h e  diagram t h a t  
fol lows.  Seve ra l  configurat ions were def ined and screened du r ing  an  engine 
concept d e f i n i t i o n  a c t i v i t y .  Only those  conf igura t ions  judged capable  of 
meeting t h e  minimum NASA requirements were s e l e c t e d  as candida tes .  
d i d a t e  engine concepts were t h e n  examined and compared from t h r e e  primary 
po in t s  of view, namely, engine performance and ope ra t iona l  f l e x i b i l i t y ,  
mechanical and s t r x t u r a l  des ign  inc luding  t h e  engine cool ing  a spec t s ,  and 
t h e  r e l a t i v e  development requirements . I n t e r r e l a t i o n s  between each of t h e  
t h r e e  ca t egor i e s  were n e c e s s a r i l y  examined. Out of t h i s  comparison, based 
upon appropr i a t e  weighting f a c t o r s ,  an  engine concept was se l ec t ed .  

The can- 

Table 111 presents  a brea;kdown of t h e  major items considered under t h e  
performance, design, and development ca t egor i e s  of t h e  engine concept s e l e c t i o n  
c r i t e r i a .  

rorr? F l e x i b i l i t y  

Development ii 
5.0 DEVELOPMENT OF ENGINE CONCEPT 

5.1 Basel ine Engine Configurations 

A t  t h e  i n i t i a t i o n  of t h e  hypersonic engine p r o j e c t ,  a sys temat ic  review 
of t h e  NASA Statement of Work was made t o  def ine  t h e  requirements of t h e  f l i g h t  
research  engine. In i n t e r p r e t i n g  t h e  gene ra l  gu ide l ines ,  it w a s  recognized 
t h a t  ope ra t iona l  and performance f l e x i b i l i t y  would be a prime requirement f o r  
4 



t h e  r e sea rch  engine as r e f l e c t e d  i n  t h e  Engine S e l e c t i o n  Criteria (Sect ion 4.0). 
A parallel review w a s  a l s o  made of previous Marquardt ramjet, Scramjet, and 
hypersonic engine studies, analyses,  and tests conducted t o  d a t e  f o r  comparison 
with t h e s e  requirements. 

A major problem e a r l y  recognized was t h a t  of providing adequate engine 
performance over t h e  r equ i r ed  speed range. 
must be minimized and i n t e r n a l  con t r ac t ion  m u s t  be  small t o  prevent choking o f  
t h e  i n l e t  and t o  provide s t a r t u p .  A t  t h e  high speeds, a d d i t i o n a l  con t r ac t ion  
is required t o  meet t h e  performance requirements. A t  least two approaches t o  
t h i s  dilemma were obvious. , 

match s p i l l a g e  and c o n t r a c t i o n  requirements and t h e  use  of thermal  compression 
with low con t rac t ion  r a t i o  f i x e d  geometry i n l e t s .  Configurations employing . 

t h e s e  concepts were developed a d  i n c l d e d  i n  t h e  candidate  engine concepts 
d e f i n i t i o n  a c t i v i t y ,  and only those configurat ions judged capable of meeting 
t h e  minimum NASA requirements were then analyzed. The su rv iv ing  engine con- 
cep t s  are summarized schematical ly  i n  Figure 3 and are shown ind iv idua l ly  i n  
Figures  4 through 9 .  
fo l lows  : 

A t  low speeds, a i r  flow s p i l l a g e  

The use of v a r i a b l e  geometry conf igu ra t ions  t o  

Pe r t inen t  features of each engine are summarized as 

Configuration A is an axisymmetric, v a r i a b l e  geometry engine employing 
a t r a n s l a t i n g  centerbody. Based upon Marquardt's pas t  experience, t h e  meeting 
of  minimum performance goals was  insured. However, it w a s  noted t h a t  t h e  de- 
s i g n  and development of a c t u a t o r s  and seals f o r  a r egene ra t ive ly  cooled engine 
would r e q u i r e  major e f f o r t .  

Configuration B i s  on t h e  opposite end of t h e  development requirement 
spectrum, and it w a s  chosen as a candidate because of i ts  r e l a t i v e l y  s t r a i g h t -  
forward design. This configurat ion is again axisymmetric bu t  it employs a 
f i x e d  geometry i n l e t  with a con ica l  centerbody s p i k e  wherein most of t h e  i n l e t  
compression is achieved e x t e r n a l l y .  Although design and development require-  
ments were considerably eased, engine performance w a s  known t o  be lower, 
whereas t h e  s p i l l a g e  and e x t e r n a l  drag were considerably higher .  

Configurations A and B produce r e l a t i v e l y  uniform flow a t  t h e  t h r o a t  and 
en t r ance  t o  t h e  combustor. By t h i s  it i s  meant t h a t  by symmetry, t he  flow 
is i d e n t i c a l  through any plane containing t h e  axis of symmetry. By con t r a s t ,  
t h e  remaining configurat ions of Figure 3 produce a nonuniform compression flow 
f i e l d  f o r  thermal compression purposes. A s  descr ibed i n  Reference 1, f u e l  is  
i n j e c t e d  i n  d i s c r e t e  amounts i n t o  small regions of high compression and t h e  
compression r e s u l t i n g  from t h e  combustion of t h i s ' f u e l  is used t o  raise the  
p re s su re  of t h e  surrounding air. 

Configuration C r ep resen t s  again a c i r c u l a r  f i x e d  geometry engine bu t  it 
employs thermal compression. Centerbodies of low s u r f a c e  area are u t i l i z e d  t o  
provide regions of l o c a l  high compression. The leading edges of the i n l e t  are 
swept t o  promote i n l e t  s t a r t u p  and t o  reduce the l ead ing  edge heat ing.  

Configurations D, E, and F a re ,  by means of c o n t r a s t  t o  A, B, and C, 
r e c t a n g u l a r  i n  c ros s  s e c t i o n  r a t h e r  t han  c i r c u l a r .  Hypersonic ramjet app l i -  
c a t i o n  s t u d i e s  conducted by Marquardt have shown m a x i m u m  b e n e f i t  t o  appl ica-  
t i o n s  ranging from small missiles t o  l a r g e  boosters  and t o  c r u i s e  veh ic l e s  
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employing t h e  modular bu i ld ing  concept using rec tangular  modules. 
t i o n s  D, E, and F a l l  employ thermal  compression and swept l ead ing  edges. The 
primary v a r i a b l e  w i t h  t h e s e  conf igura t ions  i s  the s i z e  of t h e  centerbody. 
conf igura t ion  D, one large centerbody is  incorporated i n t o  an engine of square 
c ros s  sec t ion .  I n  Configuration E, one t o  t h r e e  small centerbodies  are u t i l i z e d  
i n  an  engine w i t h  rectangular  c ross  sec t ion .  Configurat ion F, modeled after 
Marquanit 's "dual mode" engine being tested under Contract  AF 33( 615)-2834, 
conta ins  - no centerbodies.  

These conf'igwrations f_ormed t h e  base l ine  engine- conf igura t ions  dur ing  t h e  
engine conceptual design p h a s 3  
& 2 - p E s S i T d x ~ i n  each configurat ion.  For example Configurat ion B w a s  la ter  
modified t o  Configuration B-1, incorpora t ing  a n  i s e n t r o p i c  spike r a t h e r  than  a 
c o n i c a l  centerbody spike.  Modifications later incorporated i n t o  Configurations 
D and E are a l s o  indicated i n  Figure 3. 

Configura- 

I n  

&- -7 

It w a s  recognized t h a t  some design variA&tion 

n 
5.1.1 Analyses. 

5.1.1.1 I n l e t .  

5.1.1.1.1 I n l e t  ob jec t ives .  Based upon t h e  Statement of Work a d  Marquanit 's 
i n t e r p r e t a t i o n  of the  guide l ines ,  t h e  aerothermodynamic objec t ives  of t h e  i n l e t  
may be summarized as follows: 

a. 

b. 

C .  

d. 

e. 
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The i n l e t  should provide good performance over t h e  Mach number range 
of 3 t o  8, a t  a l t i t u d e s  from 50,000 t o  122,000 feet ,  and should be 
adaptable  t o  subsonic as w e l l  as t o  supersonic  combustion modes. 

The i n l e t  con t r ac t ion  must be low enough t o  insure  s t a r t u p  o r  restart 
at any Mach number down t o  3.0 and yet provide s u f f i c i e n t  cont rac t ion  
a t  higher  speeds t o  provide adequate t h r u s t  performance. 

I n l e t  s p i l l a g e  should be minimized a t  low speeds such t h a t  adequate 
t h r u s t  performance can be obtained. 

Since t h e  viscous lo s ses  i n  hypersonic i n l e t s  can be predominant, t h e  
i n l e t  design should emphasize minimum w e t t e d  area. 
hand, minimizing t h e  wetted area should not be  c a r r i e d  t o  an extreme 
because of poss ib le  boundary l a y e r  s epa ra t ion  and i n l e t  performance 
degradation due t o  t o o  severe a pressure g rad ien t  upon t h e  i n l e t  
compression sur faces .  

On the  o t h e r  

Since the  engine w i l l  b e  i n s t a l l e d  beneath t h e  X-l5A-2 a i rp l ane ,  
t h e  i n l e t  should be r e l a t i v e l y  i n s e n s i t i v e  t o  these  flow f i e l d  e f f e c t s .  
S l igh t  changes of pressure  recovery and mass flow are permissible .  
However, a primary concern must be t h a t  of maintaining a s t a r t e d  
i n l e t  co rd i t i on  at  t h e  l o c a l  Mach number and flow d e f l e c t i o n  a t  the  
i n l e t  s t a t i o n .  
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Other ob jec t ives  imposed by design, s t r u c t u r a l ,  and cool ing considerat ions 

d i c t a t e  t he  use of l i t t l e ,  if  any, v a r i a b l e  geometry. 
are des i r ed ,  c o n s i s t e n t  with minimum i n l e t  wetted area. 

Minimum coolant loads 

5.1.1.1.2 Applicable experience. An examination of t h e  research and 
development h i s t o r y  of  ramjet engines d i s c l o s e s  t h a t  combustors and engines 
cannot be developed independently of t h e  i n l e t .  The Marquardt Corporation, 
concerned wi th  t h e  research and development of ramjet engines, has through t h e  
years  been a l e a d e r  i n  t h e  f i e l d  of i n l e t  technology and has produced several 
no tab le  “firsts” i n  i n l e t  development. Configurations developed have included 
two-dimensional, axisymmetric, and three-dimensional shapes and have operated 
over  t h e  range of  Mach numbers from subsonic t o  Mach 22. 
development a t  Marquardt and at i t s  subsidiary,  t h e  General Applied Science 
Laborator ies ,  is given i n  Appendix A ( i n  Volume I1 of t h i s  r e p o r t ) .  

A summary of i n l e t  

3.1.1.1.3 I n l e t  parameters. A t y p i c a l  i n l e t  parameter cha r t ,  r e l a t i n g  
t h e  va r ious  parameters g e n e r a l l y  used i n  desc r ib ing  i n l e t  performnce,  is 
presented i n  Figure 10 f o r  Mach 8. This p l o t  w a s  generated, using real gas 
p r o p e r t i e s ,  on Marquardt IBM equipment. 
p re s su re  r a t i o ,  t h e  i n l e t  process e f f i c i e n c y  (KD) increases  with i n l e t  con- 
t r a c t i o n  r a t i o  (A0/A2). 
i n l e t  e f f i c i e n c i e s ,  m u s t  be def ined i n  terms of i t s  matching t o  t h e  remaining 
po r t ions  of t h e  cycle,  t h a t  is  t h e  combustor and nozzle. This matching, f o r  
va r ious  combustion processes,  i.e., constant  a r ea ,  constant  pressure,  constant  
Mach number, etc.,  w a s  analyzed during t h e  conceptual design s t ages  as d is -  
cussed i n  l a te r  s e c t i o n s  of t h i s  report .  

For a given enthalpy r a t i o  o r  s t a t i c  

However, an optimum i n l e t ,  when consider ing real is t ic  

3.1.1.1.4 I n l e t  s t a r t u p  and con t r ac t ion  r a t i o .  An extremely important 
i n l e t  parameter i s  t h a t  o f  i n l e t  con t r ac t ion  r a t i o .  Assuming real is t ic  
i n l e t  and combustion e f f i c i e n c i e s ,  t h e  i n l e t  con t r ac t ion  r a t i o  (+/AR)eff 
r equ i r ed  t o  meet t h e  minimum performance requirement of t h e  NASA Statement of 
Work may be def ined as shown by t h e  upper dashed l i n e  i n  Figure 11. The 
lower dashed l i n e  i n d i c a t e s  t he  l a r g e r  con t r ac t ion  r a t i o  ( A R / b )  r equ i r ed  t o  
meet t h e  performance goals  of t h e  Statement of Work. 
t h i s  lower dashed l i n e  has been broadened t o  i n d i c a t e  subsonic combustion 
(i .e. ,  t o  ob ta in  t h e  performance goals, t he  momentum l o s s e s  due t o  h e a t  
a d d i t i o n  m u s t  be minimized). 
geometry i n t e r n a l  c o n t r a c t i o n  i n l e t  t h a t  w i l l  meet t h e  requirement f o r  s t a r t u p  
a t  Mach 3.0 i s  shown a t  t h e  higher  speeds t o  provide i n s u f f i c i e n t  con t r ac t ion  
t o  meet t h e  minimum performance requirements. 
systems, a d d i t i o n a l  c o n t r a c t i o n  ( t o  meet t h e  performance requirements) is 
l imited because of t h e  s t a r t u p  requirements. Variable geometry systems, of 
course, would s a t i s f y  bo th  con t r ac t ion  r a t i o  s t a r t u p  and performance require-  
ments. The proposed thermal  compression concept a l s o  satisfies both s t a r t u p  
and performance requirements b u t  does not  r e q u i r e  t r a n s l a t i n g  o r  moving com- 
p r e s s i o n  elements. The e f f e c t i v e  con t r ac t ion  r a t i o  of a thermal compression 
system is shown f o r  comparison i n  Figure 11. 

A t  speeds below Mach 6, 

The e f f e c t i v e  c o n t r a c t i o n  r a t i o  of a fixed 

With conventional f i x e d  geometry 



The e f f e c t  of a change i n  t h e  e f f e c t i v e  con t r ac t ion  r a t i o  on t h r u s t  co- 
e f f i c i e n t  implied above is  shown i n  Figure E. This curve ind ica t e s  t h a t  an 

i n  t h r u s t  c o e f f i c i e n t  of 0.035 w i l l  r e s u l t  , .  from an  0.01 decrease i n  
con t r ac t ion  r a t i o  A ~ / A R  ( o r  an  0.01 increase  i n  A R / A ~ )  a t  Mach 5.0. The in-  
crease i n  t h r u s t  with increase  i n  con t r ac t ion  r a t i o  A R / A ~  is a s soc ia t ed  with 
h igher  cyc le  e f f i c i ency  of t h e  inlet-conibustor combination. As t h e  i n l e t  
c o n t r a c t i o n  is increased, t h e  s t a t i c  enthalpy and pressures  increase  while  
t h e  Mach number decreases.  Within t h e  l i m i t s  of t he  amount of f u e l  t h a t  can 
be added during combustion, combustion e f f i c i ency  increases  and combustor 
t o t a l  pressure losses  decrease wi th  decreasing combustor Mach nuniber. 

The e f f e c t i v e  cont rac t ion  r a t i o s  at  var ious  Mach numbers f o r  t h e  i n l e t  
conf igura t ion  of Figure 3 are summarized i n  Table V. 
r a t i o s  of Configurations B and B-1 are low due t o  t h e i r  e x t e r n a l  compression 
design.  Configurations C, D, E, and F a l l  employ thermal compression and 
t h e  e f f e c t i v e  cont rac t ion  is t h a t  corresponding t o  t h e  i n i t i a t i o n  of com- 
b u s t i o n  under t h e  t h e r m a l  compression process.  The i n l e t  produces t h i s  
con t r ac t ion  only l o c a l l y  t o  i n i t i a t e  combustion. It w i l l  be noted t h a t  t h e  
con t r ac t ion  r a t i o  AR/A2 of v a r i a b l e  geometry Configuration A is less than  
those  of t h e  thermal compression designs.  
t h e  compression produced by t h e  i n l e t  is  symmetrical i n  any plane containing 
t h e  axis of symmetry, r a t h e r  than  j u s t  l oca l ly .  The maximum compression is, 
therefore ,  reduced f o r  Configuration A based upon Marquardt's experience as 
t o  t h e  amount of maximum i n t e r n a l  cont rac t ion  poss ib le  wi th  axisymmetric 
i n l e t s .  This subject  is f u r t h e r  discussed i n  Appendix A. 

The e f f e c t i v e  con t r ac t ion  

Because Configuration A i s  symmetric, 

I n  t h e  des ign  o f  fixed geometry i n l e t s ,  maximum use of t h e  b e n e f i t s  of 
lead ing  edge sweep must be made. 
lead ing  edge sweep w i l l  p e r m i t  l a r g e r  con t r ac t ion  r a t i o s  t h a n  those  ind ica ted  
by one-dimensional Kantrowitz l i m i t s .  
i n  Appendix A.)  
material temperature f o r  a given leading  edge rad ius .  

To achieve t h e  maximum e f f e c t i v e  cont rac t ion ,  

(This sub jec t  is a l s o  f u r t h e r  discussed 
S imi l a r ly  lead ing  edge sweep penni t s  reduced m a x i m u m  l i p  

i' 
5.1.1.1.5 Preliminary analyses of viscous,  hea t  t r a n s f e r ,  and leadin6  

edge b lun t ing  e f f ec t s .  The d i f f u s i o n  process i s  t h e  most s e n s i t i v e  phenomenon 
of t h e  Scramjet engine i n  terms of i t s  e f f e c t  upon ramjet engine performance. 
I n  t h e  range from Mwh 4 t o  8, a one count decrease i n  i n l e t  k i n e t i c  energy 
e f f i c i e n c y  w i l l  decrease t h e  t h r u s t  coe f f i c i en t  by about 3 counts.  
t h e  ramjet t h r u s t  is d i r e c t l y  propor t iona l  t o  t h e  air flow through t h e  engine. 
Analyses of  t he  i n l e t  e f f i c i e n c i e s  and s p i l l a g e  c h a r a c t e r i s t i c s  of t h e  i n l e t s  
of t h e  candidate  engine conf igura t ions  were the re fo re  made. 
e f f i c i e n c y  is t h e  result of viscous,  hea t  t r a n s f e r ,  l ead ing  edge bluntness ,  
and shock losses .  Typical l o s ses  are descr ibed as fol lows,  and then  t h e  per- 
formance c h a r a c t e r i s t i c s  of t he  var ious  configurat ions are compared. 

S imi la r ly ,  

The o v e r a l l  i n l e t  

a 



5.1.1.1.5.1 Leading edge bluntness .  Shock lo s ses  f o r  s h a r p  l ead ing  edge 
su r faces  are w e l l  documented i n  t h e  l i terature .  However, a d d i t i o n a l  l o s s e s  
are incurred due t o  leading edge bluntness which is  necessary t o  reduce material 
temperatures t o  accep tab le  l e v e l s .  Figure 13 p resen t s  a parametric s tudy  of 
l ead ing  edge bluntness  l o s s e s  f o r  conventional rounded l ead ing  edges. 
l ead ing  edge t o t a l  pressure l o s s  is seen  t o  decrease as t h e  f l i g h t  Mach number 
decreases ,  as t h e  l ead ing  edge sweep increases ,  or if t h e  l ead ing  edge r ad ius  
i s  reduced. 
edge bluntness  m u s t  be  increased t o  achieve allowable material temperatures,  
with a s soc ia t ed  l a r g e r  l o s ses .  For t h e s e  configurat ions,  t h e  leading edge 
l o s s e s  may be reduced by proper a t t e n t i o n  t o  l ead ing  edge shape such t h a t  t h e  
detached bow wave is  more r a p i d l y  bent back t o  approach t h e  angle  corresponding 
t o  t h e  sha rp  leading edge value (Reference 3 ) .  For the  swept configurat ions,  
t h e  conventionai rounded leading edge l o s s e s  are n e g l i g i b l e  except i n  t h e  
corners  or notches of t h e s e  configurat ions.  

The 

For t h e  non-swept axisymmetric Configurations A and B, t h e  leading 

9.1.1.1.5.2 Viscous e f f e c t s .  T o t a l  p re s su re  l o s s e s  due t o  viscous drag 
upon t h e  i n l e t  compression su r faces  can be predominant. I n  add i t ion ,  if t h e  
Reynolds number is not  s u f f i c i e n t l y  high t o  provide t r a n s i t i o n  p r i o r  t o  t h e  
imposit ion of an unfavorable pressure g rad ien t  due t o  compression s u r f a c e  
contour  o r  shock impingement, flow s e p a r a t i o n  m y  occur with r e s u l t a n t  unsa t i s -  
f a c t o r y  i n l e t  operation. Typical  boundary l a y e r  s epa ra t ion  c r i t e r i a ,  based 
upon t h e  d a t a  of Reference 2, are shown i n  Figure 14.  These d a t a  a r e  extremely 
meager a t  t h e  Mach numbers and pressure r a t i o s  of i n t e r e s t  t o  t h i s  ramjet 
study. Fo r tuna te ly  bo th  sweep and w a l l  cool ing promote e a r l y  t r a n s i t i o n .  
Bluntness, however, de l ays  t r a n s i t i o n  as shown i n  Reference 4. 

F o r  comparative purposes, it has been assumed t h a t  early t r a n s i t i o n  t o .  
t u r b u l . u d e  

f ric-oeff i c  i e n t s  t o g e t h e r  with t h e  appropr i a t e  wetted areas of each 
conf igu ra t ion  (Table I V ) .  The v a r i a t i o n  i n  Reynolds number ac ross  t h e  ramjet 
f l i g h t  envelope is a l s o  shown i n  Figure 14 .  
a f u n c t i o n  of Reynolds number and con t r ac t ion  r a t i o  i s  depicted i n  Figure 15 
f o r  a t y p i c a l  configurat ion.  These e f f e c t s  were determined by equat ing the  
viscous f r i c t i o n  through t h e  momentum r e l a t i o n s  i n t o  an equivalent  drag and 
t o t a l  pressure loss. 
r a t i o  of A*/AR = 0.05, t h e  reduction i n  t o t a l  pressure recovery (pT2/Qo) i n  
t r a n s v e r s i n g  from t h e  high q t r a j e c t o r y  t o  t h e  low q t r a j e c t o r y  is about 0.035 
for i n l e t  Configuration E. 

.E 3.1-t path. Viscous d r a g  has thus been estimated from compressible tu rbu len t  

The change i n  i n l e t  performance as 

For  example a t  Mach 8 and f o r  an equivalent  con t r ac t ion  

Viscous e f f e c t s  upon e f f ec t ive  c o n t r a c t i o n  are shown i n  Figure 16. The 
changes i n  Reynolds number due t o  a l t i t u d e ,  Mach number, and con t r ac t ion  r a t i o  
were related t o  t h e  o v e r a l l  boundary l a y e r  and displacement thickness  assuming 
a c o n s t a n t  boundary l a y e r  form fac to r .  The changes i n  boundary l a y e r  dis-  
placement thickness  were then related t o  the  change i n  e f f e c t i v e  area a t  
t h e  t h r o a t  by consider ing t h e  perimeter a t  the t h r o a t  s t a t i o n .  The e f f e c t s  
are, as expected, r a t h e r  small. The l a r g e s t  change i n  e f f e c t i v e  con t r ac t ion  
r a t i o  occurs a t  Mach 8. 
0.05 would decrease about 4% i n  going from t h e  minimum a l t i t u d e  t o  the 
m a x i m u m  a l t i tude .  

As a n  example, an e f f e c t i v e  con t r ac t ion  r a t i o  of 

9 
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5.1.1.1.5.3 Heat t r a n s f e r  effects.  The i n l e t  parametric conversion cha r t s ,  
a n  example of which w a s  presented i n  Figure 10, have been prepared f o r  ad iaba t i c  
as w e l l  as f o r  non-adiabatic condi t ions.  Using t h i s  material, F igure  17' has 
been prepared, r e l a t i n g  t h e  change i n  i n l e t  k i n e t i c  energy e f f i c i e n c y  due t o  
hea t  e x t r a c t i o n  f rom t h e  i n l e t  ( b y  e i t h e r  r a d i a t i v e  o r  regenera t ive  cool ing) .  
The curve shown is  appl icable  t o  a wide range of i n l e t  process e f f i c i e n c i e s  
(%) and i n l e t  cont rac t ion  r a t i o s .  

A t y p i c a l  heat  removal of 0.s a t  Mach 8 the re fo re  r e su l t s  i n  about a 
0.3% reduct ion  i n  i n l e t  k i n e t i c  energy e f f i c i ency .  
e f f i c i e n c y  would depend upon t h e  state process a long t h e  w a l l ,  consider ing 
t h e  mode of hea t  removal. However, a prel iminary ana lys i s  i nd ica t e s  approxi- 
mately a one count reduct ion i n  % f o r  a one count reduct ion i n  t o t a l  enthalpy. 

The change i n  i n l e t  process 

3.1.1.1.6 Typical i n l e t  loss summary. A t y p i c a l  i n l e t  l o s s  summary f o r  

The losses  shown summarize t h e  ( sha rp  leading  edge) 
Configurat ion E is shown Over t h e  m c h  3 t o  8 range f o r  t h e  low a l t i t u d e  
t r a j e c t o r y  i n  Figure 18. 
shock losses ,  add i t iona l  shock lo s ses  due t o  lead ing  edge bluntness ,  and 
combined viscous and hea t  losses .  The lower curve then  corresponds t o  t h e  
f i n a l  pressure recovery estimate f o r  t h e  configurat ion.  
viscous losses  are s i g n i f i c a n t .  For t h i s  i n l e t ,  t h e  e f f e c t i v e  i n l e t  con t r ac t ion  
r a t i o  v a r i e s  from about 0.15 at Mach 3 t o  0.05 at Mach 8. 

It is noted t h a t  t h e  

5.1.1.1.7 Summary of i n l e t  e f f i c i ency  and s p i l l a g e  c h a r a c t e r i s t i c s .  Analyses 
of t h e  shock, leading edge bluntness ,  viscous losses ,  and hea t  l o s s e s  have been 
conducted f o r  t h e  i n l e t  conf igura t ions  of Figure 3 ,  culminating i n  f i n a l  
pressure recovery estimates over t h e  Mach number range shown i n  F igure  19. 
I n  addi t ion ,  t h e  air flow s p i l l a g e  c h a r a c t e r i s t i c s  have been est imated accounting 
f o r  t h e  i n l e t  geometries, shock s t r u c t u r e s ,  and l o c a l  con t r ac t ion  r a t i o s .  
(Viscous e f f e c t s  upon s p i l l a g e  c h a r a c t e r i s t i c s  are bel ieved neg l ig ib l e .  ) 
Also, t hese  r e s u l t s  are tabula ted  i n  Table V a long  with o t h e r  component ef-  
f i c i e n c y  and geometric d a t a  f o r  t h e  var ious  engine conf igura t ions .  

The pressure  recovery of  v a r i a b l e  geometry Configuration A is  about 
equivalent  t o . t h a t  of f ixed  geometry Cofl igurat ions D and E. 
A, t h e  conventional shock lo s ses  are negl ig ib le .  However, t h e  viscous lo s ses  
are q u i t e  l a rge  due t o  i ts  large wetted area on t h e  centerbcdy and i n t e r n a l  
cowl sur faces  (Table I V ) .  
f a c t  t h a t  t he  cowl surfaces  are normal t o  t h e  l o c a l  flow. F u l l  cap ture  mass 
flow occurs a t  Mach 6 .  
t o  achieve t h e  performance quoted f o r  Configurat ion A based upon previous 
Marquardt experience. 

For Configurat ion 

Leading edge l o s s e s  are a l s o  q u i t e  l a r g e  due t o  t h e  

It w i l l  be  noted t h a t  b leed  has been assumed necessary 

Configuration B, t h e  f ixed  geometry e x t e r n a l  con t r ac t ion  i n l e t  designed 
f o r  f u l l  cap ture  at Mach 8, d i d  not  meet minimum performance goals  due t o  
i n s u f f i c i e n t  cont rac t ion  and i t s  l a r g e  s p i l l a g e  at low Mach numbers. Con- 
f i g u r a t i o n  B-1  employing a f ixed  geometry i s e n t r o p i c  contour  sp ike  designed 
f o r  full capture  at Mach 6 wi th  a small amount of i n t e r n a l  con t r ac t ion  w a s  
conceived as a revision. As i s  shown i n  later s e c t i o n s  of t h i s  r epor t ,  t h i s  

10 
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conf igu ra t ion  satisfies t h e  m i n i m u m  performance goa l s .  However, Configuration 
B-1  is a high e x t e r n a l  d r a g  configurat ion.  
D, E, and F)  employing thermal  compression with f i x e d  geometry a l l  showed 
similar c h a r a c t e r i s t i c s  of  pressure recovery and mass flow. The lower p re s su re  
recovery of t h e  square Configuration D with a l a r g e  s i n g l e  centerbody is  due 
t o  i t s  l a r g e r  viscous losses .  Several  r ev i s ions  t o  Configuration D (up  t o  D-6)  
were later evolved t o  inc rease  its performance and t o  reduce i t s  weight and 
h e a t  load 

The remaining configurat ions,  ( C ,  

5.1.1.2 Combustor. 

5.1.1.2.1 Combustor object ives .  Based upon t h e  Statement of Work and 
Marquardt ' s  i n t e r p r e t a t  i on  of t h e  guidelines,  t h e  aerothermodynamic ob jec t ives  
of t h e  combustor may be summarized as follows: 

a. High combustion e f f i c i e n c y  and f l e x i b i l i t y  of  operat ion over t h e  Mach 
number range of 3 t o  8, at a l t i t u d e s  from 50,000 t o  122,000 f e e t ,  
and adaptable  t o  subsonic as w e l l  as supersonic combustion modes. 
To achieve t h e s e  object ives  a t t e n t i o n  m u s t  b e  given t o  inlet-combustor 
matching, f u e l  scheduling, and l o c a t i o n  and des ign  of  f u e l  i n j e c t o r s .  

b. Momentum l o s s e s  due t o  f u e l  i n j e c t i o n  t o  b e  minimized c o n s i s t e n t  with 
f u e l  i n j e c t i o n  r equ i r ed  f o r  f u e l  and air  mixing and f o r  high combustion 
e f f i c i e n c y  . 

Other considerat ions imposed by  design s t r u c t u r a l  and cool ing considera- 
t i o n s  dictate  t h e  use of a d e s i r a b l e  s t r u c t u r a l  conf igu ra t ion  and t h e  use of 
minimum length and wetted area. 

5.1.1.2.2 Applicable experience. The Marquardt Corporation, s ince its 
incep t ion  over two decades ago, has been a leader i n  t h e  f ie lds  of  f u e l  in-  
j e c t i o n ,  mixing, and combustion f o r  ramjet a p p l i c a t i o n s .  The Marquardt 
Corporation became a pioneer i n  the  f i e l d  of  supersonic combustion i n  1957, 
supported by what i s  now t h e  A i r  Force Aero Propulsion Laboratory. 
of f u e l  i n j e c t i o n  and combustor development at Marquardt and a t  i t s  sub- 
s i d i a r y ,  t h e  General Applied Science Laboratories,  i s  given i n  Appendix B. 
I n  a d d i t i o n  a t o p i c a l  r epor t  (Reference 5 )  has been prepared, which presents  
a n a l y t i c a l  methods of a n a l y s i s  of t h e  mixing and r e a c t i o n  of hydrogen and air ,  
comparisons with experimental  test data, and a p p l i c a t i o n  t o  t h e  design of 
Scramjet combustors using thermal compression. 
mixing data from Marquardt and other sources with t h e  ob jec t ive  of o u t l i n i n g  
t h e  s t e p s  required f o r  t h e  p r a c t i c a l  design of Scramjet combustors. 

A summary 

Also Appendix C c o r r e l a t e s  

5.1.1.2.3 Inlet-conibustor i n t e rac t ion .  To i n d i c a t e  t h e  inlet-combustor 
i n t e r a c t i o n  f o r  maximum cyc le  performance, t h e  t o t a l  pressure recovery a t  t h e  
i n l e t  and a t  t h e  combustor exit  are shown f o r  a range of e f f e c t i v e  i n l e t  con- 
t r a c t i o n  r a t i o s  and f o r  var ious supersonic conibustor modes i n  Figure 20 f o r  

11 
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a free stream Mach number of 8. 
pressure  recovery t h a t  might be' obtained with a v a r i a b l e  geometry i n l e t  
opera t ing  a t  a constant process e f f i c i e n c y  KD of 9%. 
f i g u r e  d e p i c t  t h e  t o t a l  pressure a t  the  end of t h e  combustor f o r  var ious 
supersonic  combustion processes.  
and lower l i n e s  is thus r ep resen ta t ive  of t h e  t o t a l  p ressure  loss across  t h e  
combustor. As  t he  i n l e t  con t r ac t ion  (AR/A2)eff increases ,  t h e  Mach number 
i n t o  t h e  combustor decreases ,  and t h e  t o t a l  pressure r ecove ryacmss  t h e  
combustor increases.  It is noted t h a t  at  t h i s  Mach 8 condi t ion,  a m a x i m u m  
t o t a l  pressure a t  the  end of t h e  combustor requi res  an  o v e r a l l  i n l e t  con- 
t r a c t i o n  r a t i o  ( A ~ / A 2 ) ~ f f  of about 20 t o  25. With f ixed  geometry systems 
employing three-dimensional flows, t h e  geometric o v e r a l l  con t r ac t ion  r a t i o  
is be l ieved  l imited t o  t h e  5 t o  8 range if i n l e t  s t a r t u p  is t o  be achieved at 
Mach 3.0. 
t h e  a c t u a l  cont rac t ion  t o  acceptable  values .) 
press ion  and d i s t r i b u t e d  hea t  release, an  i n l e t  wi th  l o c a l  geometric contrac-  
t i o n  ratios of 6 can be operated t o  provide an e f f e c t i v e  con t r ac t ion  r a t i o  
AR/+ of about 20. Thus, e f f i c i e n t  operat ion across  t h e  speed range required 
can b e  obtained without v a r i a b l e  geometry. 

The upper l i n e  represents  a t y p i c a l  t o t a l  

The lower l ines  i n  t h i s  

The v e r t i c a l  d i s t ance  between t h e  upper 

(Note: The r eade r  m u s t  remember t h a t  i n l e t  s p i l l a g e  f u r t h e r  reduces 
However, with thermal  com- 

A similar graph of i n l e t  combustion i n t e r a c t i o n  a t  Mach 4 i s  presented 
i n  Figure 21. 
formance is  considerably reduced and is  much c l o s e r  t o  t h e  con t r ac t ion  r a t i o  
l i m i t  f o r  s t a r t u p  a t  Mach 3.0. The requirement f o r  thermal  compression f o r  
h igher  cyc le  e f f i c i ency  is t h e r e f o r e  considerably reduced. The primary pur- 
pose of Figure 21, however, is t o  show t h e  subsonic combustion mode and i t s  
comparison t o  supersonic combustion. It is assumed i n  t h i s  f i g u r e  t h a t  sub- 
sonic  combustion is achieved by t ransvers ing  a t e rmina l  shock a t  o r  near  
t h e  i n l e t  minimum flow area .  The a i r  b e h i d  t h e  t e rmina l  shock is  allowed 
t o  d i f f u s e  somewhat before  combustion i s  i n i t i a t e d .  The t o t a l  p ressure  
l o s s e s  f o r  t h i s  combined d i f f u s i o n  and subsonic combustion a r e  shown. The 
r e s u l t a n t  t o t a l  pressures  a t  t h e  end of combustion are considerably h igher  
at Mach 4 f o r  subsonic combustion, i n  consonance wi th  t h e  h igher  cycle  
e f f i c i e n c i e s  c h a r a c t e r i s t i c  of subsonic combustion at  t h i s  Mach number. 

A t  Mach 4.0, t he  con t r ac t ion  r a t i o  f o r  m a x i m u m  cyc le  per- 

I n  Figures  20 and 21, s e v e r a l  supersonic  combustion modes have been 
depic ted  f o r  i l l u s t r a t i o n .  
t h e  f u e l  i s  burned i n  a constant  area duct  u n t i l  Mach 1.0 is reached (after 
which t h e  duct  is expanded and t h e  remaining f u e l  is burned at  cons tan t  Mach 
number), may be seen i n  t h e s e  examples t o  give t h e  h ighes t  p ressure  a t  t h e  
combustor e x i t .  However, i n  an a c t u a l  engine, t h e  combustion mode m u s t  
cons ider  t h e  physical  combustor contours and length,  l i m i t a t i o n s  imposed 
upon t h e  p r a c t i c a l  number and l o c a t i o n  of f u e l  i n j e c t o r s ,  t h e  Mach number 
range t o  be covered, e t c .  Combustor design thus  involves many compromises. 
Constant pressure combustion has been assumed h e r e i n  as a des ign  goal.  
This mode appears most l i k e l y  t o  s a t i s f y  t h e  requirements f o r  e f f i c i e n t ,  
smooth, steady, d i f fus ion-cont ro l led  reac t ion .  

The l i n e  labe led  cons tan t  A-M ind ica t ing  t h a t  

5.1.1.2-4 Thermal compression concept. It is desired t h a t  t he  schedule 
of i n l e t  compression required over  t h e  Mach number range be  achieved without 
t h e  use of var iab le  geometry. 
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t o  avoid excessive s p i l l a g e  and t o  promote i n l e t  s t a r t u p .  
i s  increased,  the  s p i l l a g e  w i l l  decrease and a h igher  compression is des i r ed  
f o r  cyc le  e f f i c i ency .  
f o r  low compression. 
pressures  l o c a l l y  which w i l l  not choke t h e  i n l e t  and which w i l l  permit t h e  
I n i t i a t i o n  of corthustion. 
t i o n a l  compression of t h e  main air flow. 
more f u e l  i s  i n j e c t e d  and burned i n  t h e  high pressure region. 
d i s t r i b u t i o n  of t h e  f u e l ,  t h e  desired compression schedule can be obtained 
t o  provide e f f i c i e n t  performance over t h e  required speed range. 

h t h e  f l i g h t  speed 

Accordingly, t h e  f i x e d  geometry i n l e t  must be designed 
Three-dimensional e f f e c t s  a r e  used t o  provide high 

This i n i t i a l  combustion is used t o  provide addi-  
As  t h e  f l i g h t  speed is increased, 

By proper 

This concept is i l l u s t r a t e d  i n  Figure 22 a t  Mach 8. An i n l e t  with an 
average geometric con t r ac t ion  r a t i o  of 6 is represented by t h e  t r i a n g l e  symbol. 
Locally,  i n  t h e  region of t he  centerbody, t h e  flow is compressed t h e  equivalent  
of a con t r ac t ion  r a t i o  of  20. Fuel  is i n j e c t e d  and burned at  t h i s  small region 
of high compression, r a t h e r  than allowing t h e  flow t o  mix t o  a low pressure  
va lue  before  t h e  add i t ion  of f u e l .  The r e s u l t i n g  combustion is used t o  
gradual ly  compress t h e  main port ion of t he  air flow t o  t h e  h igher  pressure 
at  which a d d i t i o n a l  f u e l  i s  in jec ted  and burned. The schematic l i n e  labe led  
"thermal compression" i n  Figure 22 i nd ica t e s  t h i s  process. It w i l l  be noted 
t h a t  somewhat lower t o t a l  pressures  a t  the  combustor e x i t  w i l l  r e s u l t  from 
thermal  compression as compared t o  r e s u l t s  w i t h  h igher  aerodynamic compression 
( c i r c l e  symbol) and constant  pressure combustion. 
t he  HO W- 

ever ,  Lk-1 +?ng Fwssiire at the combustor e x i t  exceeds C0nSideraD-L- 
O f  t l o w ? m g - i n p  W' ' t h  uniform f u e l  i n j e c t i o n .  

This  process i s  f u l l y  explained i n  Reference 1, using t h e  techniques and 
methods of Reference 5.  Both References 1 and 5 a r e  submitted as t o p i c a l  
r epor t s  t o  t h e  Hypersonic Ramjet Experiment Pro jec t .  

This d i f f e rence  r e f l e c t s  
somewhat h igher  e f f i c i e n c y  of aerodynamic versus  thermal compression. 

5.1.1.2.5 Combustor area change requirements. The r e s u l t s  of t h e  analyses 
of combustor a r e a  change requirements over t h e  Mach number range from 3 t o  8 
a r e  shown i n  Figure 23. For good cycle  e f f ic iency ,  it is  des i r ed  t h a t  the  
combustor area r a t i o  A 3 / 4  be a min imum,  o r  t h a t  t h e  combustor pressure  re -  
covery (Q3/W2) be a maximum. It w i l l  be noted i n  Figure 23 t h a t  subsonic 
combustion at  the  lower speeds provides t h e  b e s t  cyc le  performance. Thermal 
choking i n  the  subsonic combustion mode is assumed and has been demonstrated 
experimentally.  The fol lowing i l l u s t r a t e s  t h e  supersonic combustion processes:  
A t  f r e e  stream Mach 4, t h e  i n l e t  d i f fuses  t h e  air t o  Mch 1.5. For t h e  l i n e  
l abe led  "constant  area and constant Mach" combustion is  o r ig ina t ed  at  bbch 1.5 
i n  a cons tan t  a r e a  duc t  u n t i l  a loca l  Mach number of  1.11 is reached. The 
remaining f u e l  f o r  @ = 1 is burned a t  cons tan t  Mach 1.11, r e s u l t i n g  i n  an 
o v e r a l l  conibustor area r a t i o  of about 5. A t  Mach 8, the  i n l e t  compresses 
t h e  flow t o  Mach 3.0 and all of the f u e l  can be burned i n  a cons tan t  area 
duct .  
r a t i o  required across  t h e  burner i s  about 3.0. 
number of about -5, t h e  flow cannot be  completely burned i n  t h e  cons tan t  
pressure  mode because of the- choking. 
ve ry  l a r g e  area r a t i o s  and was omitted from Figure 23. 

If t h e  Mach 3.0  st ream is burned at constant  pressure,  t h e  area 
Below a f r e e  stream Mach 

Constant Mach combustion requi res  
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The a c t u a l  area r a t i o s  and supersonic  combustion modes i n  an  engine m u s t  
take i n t o  account the  des i r ed  engine Mach number and a l t i t u d e  ranges, t h e  
l i m i t a t i o n s  of f i n i t e  f u e l  i n j e c t o r  l oca t ions  and number of i n j e c t o r s ,  and t h e  
necess i ty  f o r  continuous w a l l  cool ing  which may d i c t a t e  t h e  use of a l l  f u e l  
i n j e c t o r s  at  a l l  operat ing poin ts .  

3.1.1.2.6 Fuel i n j e c t i o n  and s t a t ionwise  f u e l  d i s t r i b u t i o n .  Requirements 
f o r  minimum engine weight and minimum su r face  area with high combustion 
e f f i c i e n c y  r equ i r e  t h a t  t h e  r eac t ion  of t h e  hydrogen with t h e  oxygen of t h e  air  
be accomplished i n  t h e  s h o r t e s t  poss ib l e  length .  It has now been gene ra l ly  
concluded t h a t  t he  supersonic hea t  a d d i t i o n  process above Mach 3 is con t ro l l ed  
p r imar i ly  by t h e  r a t e  of  mixing of t h e  f u e l  i n j ec t ed  i n t o  t h e  air  stream, 
s i n c e  t h e  i g n i t i o n  de lay  and r eac t ion  times f o r  hydrogen a r e  small when com- 
pared t o  t h e  r a t e  of d i f fus ion .  Below t h i s  Mach number, s t agna t ion  tempera- 
t u r e s  a r e  s u f f i c i e n t l y  low t h a t  p o s i t i v e  and a c t i v e  i g n i t i o n  techniques a r e  
required t o  i n i t i a t e  combustion. 

Analyses of f u e l  i n j e c t i o n  a r e  the re fo re  d i r e c t e d  a t  promoting t h e  f u e l  
and air mixing. These analyses  a r e  extremely complex, involving h ighly  
tu rbu len t  flows of d i s s i m i l a r  gases i n  which the  tu rbu len t  t r a n s p o r t  mechanisms 
p lays  a b i g  role.  Simplifying assumptions a r e  gene ra l ly  introduced which 
prevent t h e  r e s u l t s  f r o m  completely represent ing  t h e  p r a c t i c a l  cases .  
s u b j e c t  is  discussed i n  Appendix C and Reference 5. 

This 

For our purposes here, we have drawn upon experimental  techniques 
and r e s u l t s  t o  provide a reasonable d e s c r i p t i o n  of t h e  mixing process.  
engines of small c h a r a c t e r i s t i c  dimensions ( i. e., t h e  he ight  o r  t r ansve r se  
d i s t a n c e  across  the combustor), t h e  f u e l  may be i n j e c t e d  from f l u s h  i n j e c t o r s  
p a r a l l e l  t o  t he  wall. Short  mixing lengths  can then be obtained by supplying 
a s u f f i c i e n t  number of i n j e c t o r s  around t h e  combustor periphery.  However, 
as t h e  combustor c h a r a c t e r i s t i c  dimension increases ,  adequate d i spe r s ion  of 
the  f u e l  i n t o  t h e  a i r  stream requ i r e s  t h a t  the  f u e l  be in j ec t ed  at an angle  
i n t o  t h e  air stream, o r  i n j e c t o r s  maybe placed ac ross  t h e  duct  channel t o  
promote mixing. For e i t h e r  of t h e s e  cases,  some pressure  lo s ses  are i n t r o -  
duced because of the formation of shocks caused by t h e  impinging f u e l  jets 
o r  by t h e  s t r u t s .  
angle  a r e  shown i n  Figure 24. 
s t r u t  combinations from 8000 f p s  combustion t e s t s  conducted by Marquardt 
a r e  shown i n  Figure 25. For t h i s  p a r t i c u l a r  combustor, t h e  ne t  s p e c i f i c  
impulse (a  measure of combustion e f f i c i ency  and the re fo re  mixing) increased 
with t h e  f u e l  i n j ec t ion  angle  and t h e  add i t ion  of struts t o  c a r r y  the  f u e l  
across  t he  duct ,  i .e. ,  t h e  l o s s e s  due t o  s t r u t  and f u e l  i n j e c t i o n  angle  were 
more than  o f f s e t  by improved mixing. 

For 

The t o t a l  p ressure  lo s ses  as a func t ion  of f u e l  i n j e c t i o n  
The ne t  e f f e c t  of var ious  types of f u e l  i n j e c t o r -  

With t h e  exception of Configuration F, the engine conf igura t ions  s e l e c t e d  
f o r  s tudy  u t i l i z e d  centerbodies  supported by struts from t h e  o u t e r  combustor 
w a l l s ,  and the  c h a r a c t e r i s t i c  dimension of t h e  engines a r e  such that p a r a l l e l  
i n j e c t o r s  provide adequate mixing. A s  is discussed i n  t h e  Prel iminary Design 
Report, Reference 8, s e l ec t ed  ind iv idua l  f u e l  i n j e c t o r s  w i l l  a l s o  be extended 
i n t o  t h e  conibustor gas s t ream off t h e  w a l l  i n  o rde r  t o  promote f u e l  mixing and 
reduce w a l l  hea t  f luxes.  
1 4  



Analyses of t he  f u e l  i n j ec t ion  m u s t  a l s o  cons ider  t h e  l o n g i t u d i n a l  f u e l  
The f u e l  must be d i s t r i b u t e d  l o n g i t u d i n a l l y  t o  avoid shock i n j e c t i o n .  

formations t o  reduce peak hea t  loads t o  t he  conibustor w a l l s ,  and t o  account 
f o r  t h e  change i n  area requirement across  the  combustor with Mach number 
(F igure  23). Assuming f o r  t h e  moment a combustor w a l l  formed by con ica l  
expansion, t h e  f u e l  may be in j ec t ed  and burned near the  entrance t o  t h i s  
s e c t i o n  at  high f l i g h t  speeds. 
f u e l  i n j e c t i o n  l o c a t i o n  may choke the combustor. 
f u e l  m u s t  be i n j e c t e d  i n t o  a l a r g e r  area ( i . e . ,  f u r t h e r  downstream). 
Necessary cool ing  of the combustor walls with t h e  f u e l  p r i o r  t o  f u e l  i n j e c t i o n  
is a l s o  a f a c t o r  i n  s ta t ionwise  f u e l  d i s t r i b u t i o n s ,  as shown i n  t h e  next 
example. 

However, at lower f l ight speed, t h i s  same 
Thus f o r  t h e  l a t e r  case  

Typica l  f u e l  i n j e c t o r  s t a t i o n s  and t h e  d i s t r i b u t i o n  of f u e l  p e r  i n j e c t o r  
The t o t a l  s t a t i o n  are shown i n  Figure 26 f o r  a t y p i c a l  engine conf igura t ion .  

f u e l  flow at each Mach number corresponds t o  $ = 1.0. 
A is a t  the  maximum diameter s t a t i o n  of t h e  centerbody and is the  primary 
thermal  compression i n j e c t o r .  
reduce any tendency t o  unstart. Consequently, i n j e c t o r  B, which encompasses 
t h e  aft s e c t i o n  of the centerbody as w e l l  as the  swept t o p  and bottom w a l l ,  
i s  u t i l i z e d  at  low speed as the  primary thermal compression con t ro l .  
j e c t o r  D, a long t h e  s i d e  w a l l s ,  i s  used p r imar i ly  a t  low speed. At low speeds, 
i n j e c t o r s  C and D predominate, whereas at high speeds i n j e c t o r s  B and C 
predominate. 

Fue l  i n j e c t o r  S t a t i o n  

However, a t  low speed i t s  use is limited t o  

In- 

The predic ted  e f f e c t  of d i s t r i b u t e d  f u e l  i n j e c t i o n  ( thermal  compression) 
on t h e  con t r ac t ion  r a t i o  of a t y p i c a l  engine conf igura t ion  is shown i n  
Figure 27. 

5.1.1.2.7 Fuel  i g n i t i o n  and r eac t ion  k i n e t i c s .  It w a s  stated i n  
paragraph 5.1.1.2.6 tha t  i g n i t i o n  delay and r eac t ion  t imes are small when 
compared t o  the  rate of d i f fus ion .  
s ta tement  t h a t  combustion has been i n i t i a t e d .  
one atmosphere, a s to ich iometr ic  mixture of hydrogen and air  w i l l  au to ign i t e  
w i t h  reasonable i g n i t i o n  de lay  times at about 17OOOR.  Results of  shock-tube 
i g n i t i o n  c h a r a c t e r i s t i c s  from Reference 6 a r e  presented i n  Figure 28. 
the_Mach numbers ~ s s u r e s  expected i n  t he  hypersonic ramjet p r o j e c t  
combustor, an i g n i t i o n  source w i l l  be required f o r  engine s t a r t u p s  a t  about 

Mach numbers (ambient temperatures) if the f u e l  is  heated as i n  a regenera t ive  
chamber. 
atmosphere pressure  with Mach 2 temperatures (Reference 3 )  . 

This s ta tement  m u s t  now be q u a l i f i e d  by t h e  
For combustion pressures  of 

For 

Mach 5 o r  less. Once ign i t ed ,  ramjet combustion can be sus ta ined  a t  lower - 

For example combustion has success fu l ly  been sus ta ined  at  one 

The combustion e f f i c i e n c y  of a t y p i c a l  ramjet combustor is  a func t ion  
of the  degree of mixing of the f u e l  i n t o  t h e  air and upon t h e  degree of com- 
p l e t i o n  of combustion of t h i s  mixture i n  the engine. For a given length 
combustor, t h e  degree of completeness of combustion is a func t ion  of t h e  
i g n i t i o n  and r e a c t i o n  t ims.  
of t h e  var ious  engine configurat ions over t h e  Mach range 3 t o  8, it w a s  
necessary t o  assume a f u e l  i n j e c t o r  w t t e r n  and t o  es t imate  the r eac t ion  
k i n e t i c s .  Figure 29 is a t y p i c a l  map of combustor i n l e t  condi t ions  f o r  two 

I n  order t o  estimate t h e  combustion e f f i c i e n c i e s  



values  of e f f e c t i v e  i n l e t  con t r ac t ion  r a t i o .  U s i n g  t hese  condi t ions,  t he  
t o t a l  r eac t ion  t ime f o r  9% r e l e a s e  of t o t a l  hea t  w a s  determined using t h e  
r e s u l t s  of Marquardt's IBM k i n e t i c s  program. I n  making t h e  es t imates  of 
combustion e f f i c i ency  f o r  each configurat ion,  allowance was made f o r  t h e  
f a c t  t h a t  mixing and reac t ion  occur simultaneously,  and f o r  t h e  range of 
condi t ions  invest igated,  the  r eac t ion  speeds up the mixing processes .  

5.1.1.2.8 Summary of combustion e f f i c i e n c y  v a r i a t i o n s  wi th  Mach number. 
Combustion e f f  i c iences  f o r  t h e  var ious  engine conf igura t ions  have been estimated 
f o r  bo th  high and low q flight boundaries a t  s to ich iometr ic  condi t ions over 
t h e  speed range of Mach 3 t o  8 (Figure 30). 
t h e  combustor aerothermodynamic environment consider ing both mixing and 

20 inches long, d i c t a t ed  l a r g e l y  by t h e  swept f u e l  i n j e c t i o n  pa t t e rn .  

1 Consideration has been given t o  y 
The nominal combustor region is  approximately 

, \ ,. I y? Ef f i c i enc ie s  o f  at least 9% should be achievable  f o r  subsonic com- 
bus t ion  based upon the  aerothermodynamic environment. 
combustion e f f i c i ency  is def ined pr imar i ly  by mixing e f f i c i e n c y  which is  
limited by p r a c t i c a l  considerat ions of t h e  f u e l  i n j e c t o r  s t a t i o n s  and numbers 
of i n j e c t o r s .  

The upper va lue  of 

Somewhat higher e f f i c i e n c i e s  f o r  t h e  low q f l ight  boundary are predic ted  
upon t h e  basis of mixing which i s  promoted a t  t h e  low q condi t ion.  

5.1.1.3 Nozzle. 

5.1.1.3.1 Nozzle objec t ives .  The aerothermodynamic ob jec t ives  f o r  the 
nozzle are as follows : 

a. To a t ta in  high nozzle e f f i c i e n c y  over the Mach range 3 t o  8 and f o r  
Ithe a l t i t u d e  range of t h e  hypersonic ramjet experiment p ro jec t  engine. 

b .  The provision of e f f i c i e n t  matching of nozzle-combustor components 
over t h e  speed range consider ing the  dual  mode ob jec t ives  imposed 
upon t h e  design.  

C .  To provide optimum nozzle a r e a  expansion consider ing the  speed range 
of operat ion and t h e  i n s t a l l a t i o n a l  l i m i t a t i o n s  of paragraph 4.3 -1.2 
of Statement of Work (L-4947). 

Other object ives  include the  use of d e s i r a b l e  s tmtura l  conf igura t ions  
using f i x e d  geometry components of minimum wetted a r e a  and length  f o r  minimum 
cool ing  requirements cons is ten t  with t h e  performance goals .  

5.1.1.3.2 Applicable experience.  Since 1957, Marquardt has been engaged 
i n  a cont inuing s e r i e s  of programs combining d e t a i l e d  a n a l y s i s  w i t h  exper i -  
mentation t o  assess  t h e  progress of r e c o d i n a t i o n  i n  exhaust nozzle systems and 
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t h e  r e s u l t i n g  e f f e c t s  upon engine performance. 
t i c a t i o n  have been accomplished, leading t o  t he  c a p a b i l i t y  of designing 
exhaust nozzle systems w i t h  a high confidence l e v e l  t h a t  a maximum degree of 
recombination cons i s t en t  wi th  p r a c t i c a l  hardware l i m i t a t i o n s  w i l l  be obtained. 
A summary of t h i s  nozzle developnent is given i n  Appendix D. 

Increas ing  degrees of sophis- 

5.1.1.3.3 Inlet-combustor-nozzle in t e rac t ion .  The t o t a l  p ressure  through 
t h e  i n l e t ,  combustor, a d  nozzle are t r aced  as a func t ion  of e f f e c t i v e  i n l e t  
con t r ac t ion  r a t i o  i n  Figure 31 f o r  free stream Mmh 8. 
same data as i n  Figure 20 bu t  it has been expanled us ing  a logari thmic s c a l e  
t o  en large  t h e  ord ina tes .  It w i l l  be noted t h a t  t h e  optimum i n l e t  contract ion,  
i .e.,  the  i n l e t  cont rac t ion  ( A ~ / A 2 ) ~ f f  f o r  which t h e  t o t a l  p ressure  recovery 
across  t h e  engine is a maximum, s h i f t s  t o  a somewhat lower value when the  
nozzle lo s ses  are included. 
viscous effects, and nonequilibrium condi t ions .  As t h e  i n l e t  con t r ac t ion  
r a t i o  is increased f o r  a given ove ra l l  engine area r a t i o ,  the  nozzle losses ,  
p a r i c u l a r l y  those lo s ses  due t o  nonequilibrium, increase.  The sources and 
mangitude of the nozzle lo s ses  a r e  next  discussed.  

This p l o t  u t i l i z e s  t h e  

Nozzle lo s ses  are chargeable t o  divergence, 

5.1.1.3.4 Nozzle Darameters. A t y p i c a l  nozzle parameter cha r t ,  r e l a t i n g  
those  parameters used t o  describe nozzle performance and ef f ic iency ,  is shown 
i n  Figure 32. Charts of t h i s  type have been prepared f o r  ad iaba t i c  as we l l  
as f o r  non-adiabatic cord i t ions  and f o r  a range of entrance Mach numbers, 
temperatures, and pressures  c h a r a c t e r i s t i c s  of the Hypersonic Ramjet Experi- 
Kent Pro jec t .  

5.1.1.3.5 Nozzle area expansion. The Performance of the Hypersonic 
Ramje t  Experiment Engine is q u i t e  s e n s i t i v e  t o  t h e  nozzle area expinsion 
a v a i l a b l e .  
ope ra t ing  condi t ion  at  Mach 8 i s  shown i n  Figure 33 as a func t ion  of t h e  
o v e r a l l  engine area r a t i o  A ~ / A R .  
a f u l l y  expanded nozzle (P4 = Pa). 
t h e  f u l l y  exwnded nozzle  corresponds t o  a n  o v e r a l l  engine area m t i o  i n  excess 
of 5.0. 
area r a t i o  of 2 (paragraph 4.3.1.2). 
t o  ramjet  engine performance. 

The i n t e r n a l  t h r u s t  coe f f i c i en t  of t h e  engine at  a t y p i c a l  

Maximum i n t e r n a l  t h r u s t  is  obtained wi th  
A t  t h e  condi t ions spec i f i ed  i n  Figure 33, 

However, t h e  Hypersonic Ramjet Engine is l imi t ed  t o  an overall engine 
Figure 33 thus  ind ica t e s  t he  compromise 

5.1.1.3 -6 Viscid and inv isc id  losses .  

5.1.1.3.6.1 Nozzle viscous losses. A parametric s tudy  of nozzle viscous 
losses has been conducted f o r  a range of f l i g h t  condi t ions,  nozzle area 
r a t i o s ,  nozzle divergence angles ,  and f o r  supersonic a d  subsonic combustion 
m o d e s  f o r  environments c h a r a c t e r i s t i c  of t he  Hypersonic Ramjet Research Engine 
P r o j e c t .  The results i n  terms of nozzle k i n e t i c  energy e f f i c i e n c y  are 
shown i n  Figure 34. 
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For a given nozzle a r e a  r a t i o ,  t h e  r e s u l t a n t  nozzle energy e f f i c i e n c y  
decreases r a p i d l y  with decreasing nozzle divergence ( increas ing  nozzle  length)  
The e f f e c t  of i n l e t  con t r ac t ion  r a t i o  and combustion mode on t h e  viscous 
l o s s e s  are small. It can be seen t h a t  the viscous l o s s e s  i n  t h e  nozzle can be  
s i g n i f i c a n t  f o r  nozzles wi th  l a r g e  sur face  area. 

5.1.1.3.6.2 Nozzle divergence lo s ses .  Nozzle divergence losses ,  as 
def ined by nozzle k i n e t i c  energy ef f ic iency ,  are shown i n  Figure 37 f o r  
two-dimensional and con ica l  nozzles.  These lo s ses  are t h e  result of depar ture  
from parallel axial flow at  t h e  nozzle ex i t .  It is concluded t h a t  nozzle 
divergence lo s ses  are small f o r  t h e  range of divergence angles  of i n t e r e s t  and 
t h a t  increases  i n  nozzle divergence angle  t o  reduce viscous l o s s e s  may be 
b e n e f i c i a l  t o  ove ra l l  cyc le  performance. 

5.1.1.3.6.3 Nozzle lo s ses  due t o  non-adiabatic condi t ions.  I n  Figure 
36, the  change i n  nozzle k i n e t i c  energy e f f i c i e n c y  due t o  hea t  e x t r a c t i o n  
(e i ther  by r ad ia t ion  and/or regenera t ive  cool ing)  o r  by hea t  a d d i t i o n  (due t o  
heat release of reac t ing  products i n  t h e  nozzle s e c t i o n )  i s  shown as a func t ion  
of nozzle entrance Mach number. The curve shown is app l i cab le  f o r  a range of 
nozzle process e f f i c i e n c i e s  (K,) o r  t o t a l  enthalpy r a t i o s .  
nozzle process e f f i c i ency  due t o  non-adiabatic condi t ions  i s  a func t ion  of t h e  
state process along t h e  nozzle  w a l l .  Due t o  partial hea t  release i n  t h e  
nozzle, t h e  ove ra l l  effects of hea t  loss i n  the nozzle are bel ieved small. 

The change i n  

5.1.1.3.6.4 Nozzle l o s s e s  due t o  nonequilibrium expansion. Parametric 
s t u d i e s  of t h e  nozzle k i n e t i c  energy e f f i c i e n c y  as a func t ion  of f r e e z i n g  
area r a t i o  i n  t h e  nozzle were conducted. 
t r a j e c t o r y  and f o r  a range of Mach numbers are shown i n  Figure 37. Charts of 
t h i s  type have been used i n  conjunct ion with f i n i t e  rate chemistry t o  estimate 
t h e  nozzle nonequilibrium los ses  f o r  t h e  var ious engine conf igura t ions  
previously described over t h e  Mach number and a l t i t u d e  range of i n t e r e s t .  
For  example, t h e  gas composition i n  a t y p i c a l  nozzle wi th  supersonic com- 
bus t ion  a t  Mach 8 a t  120,000 fee t  i s  shown i n  F igure  38. 
n i t rogen  cons t i tuents  (mole f r a c t i o n s )  reach equi l ibr ium condi t ions q u i t e  
e a r l y  and are not  shown. 

/ -  Tq5A>-b expected t h a t  the  gcs has r e a c h e d a b r i m  condi t ions  a t  an area r a t i o  
beGCeX3.5 and 3 .O. 
nozzle process e f f i c i ency  would r e s u l t  if equi l ibr ium chemistry were assumed 
r a t h e r  than  f i n i t e  ra te  chemistry a t  t h e  high altitude condi t ion.  

Typical  r e s u l t s  f o r  a low q 

The water and 

A t  t h i s  f l i g h t  condi t ion,  it should gene ra l ly  

A <,/ I n  terms of nozzle process e f f i c i ency ,  a % e r r o r  i n  

5.1.1.3.7 Typical nozzle  l o s s  summary. Divergence, viscous,  and non- 
equi l ibr ium los ses  i n  the  nozzle of engine Configuration E are summarized 
as a func t ion  of Mach number i n  Figure 39. 
it has been assumed tha t  the  nozzle flow i s  adiabatic. The lo s ses  i n  
Figure 39 r e f l e c t  t he  aerothermodynanic condi t ions  and t h e  l i n e s  of Con- 
f i g u r a t i o n  E (Figure 8) and do not r e f l e c t  a poss ib l e  reduct ion i n  l o s s e s  
by t h e  use of more divergent  w a l l s  t o  reduce the viscous e f f e c t s .  

For  t h e s e  prel iminary s t u d i e s ,  
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Optimization of t h e  nozzle  expansion angle  w i l l  be of t h e  type ind ica t ed  i n  
Figure 40. 
o v e r a l l  nozzle e f f i c i e n c y  may b e  improved by inc reas ing  t h e  nozzle expansion 
angle  from t h e  c u r r e n t  6" f o r  Configuration E t o  about 10" assuming a nozzle 
expansion area r a t i o  &+/A3 of about 4. 
somewhat b u t  t h e  n e t  e f f e c t  i s  a n  improvement i n  nozzle e f f i c i e n c y .  

Nozzle f r i c t i o n  and divergence loss  f a c t o r s  are such t h a t  t h e  

The nonequilibrium l o s s e s  w i l l  i nc rease  

The estimated nozzle  e f f i c i e n c y  f o r  Configuration E f o r  bo th  supersonic 
and subsonic combustion modes are shown i n  Figure 41. 
d i c a t e d  t h e  poss ib l e  g a i n  i n  optimizing t h e  nozzle divergence angle.  

This c h a r t  again in- 

5.1.1.3 -8 Nozzle performance v a r i a t i o n  with Mach number. The r e s u l t a n t  
nozzle e f f i c i e n c i e s  f o r  t h e  various nozzle conf igu ra t ions  consider ing diver- 
gence, f r i c t i o n ,  and nonequilibrium l o s s e s  are summarized i n  Figure 42. The 
basic t r ends  as evidenced by t h i s  cha r t  a r e  p r imar i ly  a s soc ia t ed  with t h e  
wet ted area and viscolis f r i c t i o n  of the var ious nozzle configurat ions with the 
h ighe r  wetted area configurat ions having the lowest nozzle e f f i c i e n c i e s .  
P e r t i n e n t  nozzle parameters For the various nozzle configurat ions are presented 
f o r  reference i n  Table V I .  

5.1.1.4 Ramjet cycle .  

5.1.1.4.1 R a m j e t  cyc l e  analysis  object ives .  The ob jec t ives  of  t h e  
ramjet cycle  analyses are t o  define t h e  component f u n c t i o n a l  requirements, 
t o  e s t a b l i s h  t h e  engine performance l e v e l s  w i th  t h e s e  component e f f i c i e n c i e s ,  
and t o  e s t a b l i s h  t h e  component a rea  r e l a t i o n s h i p s  and component i n t eg ra t ion .  

5.1.1.4.2 Component func t iona l  requirements. An a n a l y s i s  was conducted 
t o  e s t a b l i s h  t h e  component performances required such t h a t  t h e  engine would 
meet t h e  minimum performance goals of t he  Statement of Work (L-4947), and t h e  
r e s u l t s  are shown i n  Figure 43. 
w a s  assumed. 
may be e s t a b l i s h e d  wi th  t h e  a i d  of Figure 44. 

A nozzle k i n e t i c  energy e f f i c i e n c y  of 9% 
The effect  of a change i n  nozzle e f f i c i e n c y  from t h i s  value 

The effects of a change i n  component performance i n  terms of k i n e t i c  
energy e f f i c i ency  on t h e  i n t e rna l  t h r u s t  c o e f f i c i e n t  of t h e  ramjet i s  
presented i n  Figure 44. The order  t o  t h e i r  e f f e c t s  upon t h e  engine t h r u s t  
are t h e  i n l e t ,  t h e  nozzle, and t h e  combustor. 

The area requirements f o r  t h e  va r ious  components were summarized i n  
F igu res  11, 23, and 33. 

5.1.1.4.3 Typ ica l  engine Performance wi th  supersonic  combustion. The 
t y p i c a l  t h r u s t  c o e f f i c i e n t s  of two conventional (one-dimensional) f i x e d  
g eometry engine configurat ions,  assuming reasonable component e f f i c i e n c i e s  



. 
Report 6101 

Volume I 
/ Maryuardf IXRtTM4TIOY VAN N U I S  

_I 

over  t h e  Mach number range, a r e  presented i n  F igure  45. 
t h e  i n l e t  f low is compressed uniformly and burned a t  cons tan t  pressure .  
t h e  lower speeds f o r  each conf igura t ion ,  a po r t ion  of t h e  combustion takes 
p lace  a t  constant  Mach number t o  avoid choking.) 

I n  each configurat ion,  
( A t  

It w i l l  be noted t h a t  t h e  engine conf igu ra t ion  having t h e  low va lue  of 
con t r ac t ion  (%/AR = 0.15) w i l l  not meet t h e  m i m i m u m  performance requi re -  
ments a t  t h e  higher  Mach numbers. 
ceed t h e  minimum performance requirements a t  high speeds, p rovis ion  must be 
made t o  accomplish t h e  s t a r t u p  requirements of t h e  engine a t  Mach 3.0 as w e l l  
as t o  improve its performance a t  Mach 4.0. 

While t h e  h igh  con t r ac t ion  i n l e t  w i l l  ex- 

The dashed l i n e  r ep resen t s  t h e  pred ic ted  performance of a n  engine u t i l i z -  
ing  thermal compression, which provides an e f f e c t i v e  con t r ac t ion  r a t i o  ( A ~ / A R )  
of 0.03 at high speeds and 0.15 at the  lower speeds. A t  h igh speed, some 
performance decrement is expected i n  comparison t o  t h e  geometric c o n t r a c t i o n  
0.05 engine. This loss, thought t o  be conservat ive,  i s  due t o  p r a c t i c a l  
l i m i t a t i o n s  of combustor l eng th  and a r e a  d i s t r i b u t i o n  and f ixed  f u e l  i n j e c t o r  
l oca t ions .  

5.1.1.4.4 Thermal compression processes .  The compression r e s u l t i n g  
from t h e  mixing and combustion of hydrogen i n j e c t e d  i n t o  t h e  air  stream must 
be accounted for i n  t h e  des ign  of t h e  engine. I n  order  t o  avoid t h e  thermal  
choking of t h e  combustor at  low Mach numbers, cons ide ra t ion  m u s t  be  given t o  
t h e  s t a t ionwise  f u e l  d i s t r i b u t i o n .  
added by the  combustion of t h e  f u e l  is small i n  comparison t o  the  k i n e t i c  
energy of t h e  a i r  stream and thus  the  s t a t ionwise  f u e l  d i s t r i b u t i o n  i s  less 
inf luenced by choking cons idera t ions  (It may, however, be inf luenced by 
cornbustor w a l l  heat  flux cons idera t ions  .) 

A t  t h e  h igher  Mach numbers, t h e  energy 

The app l i ca t ion  of thermal  compression i n  t h e  present  Hypersonic R a m j e t  
By d i s t r i b u t e d  hea t  Experiment P ro jec t  t akes  advantage of t hese  p r i n c i p l e s .  

r e l ease ,  t he  compression r e s u l t i n g  from t h e  mixing and burning of a por t ion  
of t h e  in j ec t ed  f u e l  can be used t o  r a i s e  t h e  p re s su re  ( i n c r e a s e  t h e  e f f ec -  
t i v e  con t r ac t ion  r a t i o )  a t  which t h e  remaining f u e l  is i n j e c t e d  and burned. 
Thus, an engine i n l e t  of modest geometric c o n t r a c t i o n  r a t i o  and low s p i l l a g e  
can be used t o  s a t i s f y  t h e  present  Mach range and o p e r a t i o n a l  l i m i t s  r equi red .  
As t h e  Mach number is increased, a d d i t i o n a l  f u e l  is i n j e c t e d  i n  t h e  forward 
i n j e c t o r s  t o  increase t h e  e f f e c t i v e  con t r ac t ion  r a t i o  of the i n l e t  as re- 
qui red  f o r  performance cons idera t ions .  

The t h e o r e t i c a l  approach t o  thermal compression is  based upon t h e  
ana lyses  o f  d i f f u s i o n  con t ro l l ed ,  equi l ibr ium combustion of hydrogen i n  air 
as reported i n  Reference 5. Also, t h e  a p p l i c a t i o n  of thermal  compression 
t o  inlet-combustor des ign  and i n t e r a c t i o n  a r e  given i n  Reference 1, along 
with appropr ia te  s u b s t a n t i a t i n g  d a t a .  
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5.1.1.4.5 Subsonic combustion with thermal compression. Typica l  ramjet 
engine performance employing t h e r m a l  compression i n  both  supersonic and sub- 
sonic  combustion modes is shown i n  Figure 46. With t h e  subsonic combustion 
case,  t h e  f u e l  i s  in j ec t ed  and burned i n  a d i s t r i b u t e d  manner such t h a t  a 
smooth t r a n s i t i o n  t o  subsonic flow occurs, with a s u b s t a n t i a l  amount of t h e  
f u e l  be ing  burned subsonical ly .  The flow is thermally choked i n  t h e  nozzle.  

This  concept f o r  t r a n s i t i o n  t o  subsonic  combustion i s  based upon j e t  
mixing with combustion s t u d i e s  cu r ren t ly  i n  progress.  
studies is shown i n  Figures  47 and 48 f o r  a f l i g h t  Mach number of 4 at an  
a l t i t u d e  of 75,000 feet ,  showing t h e  resu l t s  of a two-dimensional mixing 
analyses  with tu rbu len t  d i f f u s i o n  and equi l ibr ium combustion. 
a t  t h e  poin t  of i n j e c t i o n  is 1.3, and hydrogen is expanded from a s t agna t ion  
pressure  of 200 p s i  wi th  $ = 1.0. 
shown i n  t h r e e  s t ages .  
c e l e r a t e s  t h e  flow gradual ly  t o  subsonic speed. I n  the  second, subsonic 
combustion continues a t  constant  pressure.  
r eacce le ra t ed  t o  supersonic.  Tests t o  v e r i f y  t h i s  process have been con- 
ducted. The d i s t r i b u t e d  hea t  r e l ease  method of conversion t o  subsonic com- 
b u s t i o n  has two advantages mer the conventional normal shock t r a n s i t i o n .  
F i r s t ,  t h e  s ta t ic  pressure and temperature are reduced, and secondly, t h e  
n e c e s s i t y  f o r  c o n t r o l  of t he  pos i t ion  of t h e  normal shock i n  a swept duc t  is 
el iminated.  However, some reduction i n  performance i n  the  subsonic mode 
w i l l  be incurred.  
t r a n s i t i o n s  t o  subsonic combustion w i l l  be  s tud ied .  

An example of t hese  

The Mach number 

The subsequent mixing and combustion is 
I n  t h e  f i r s t ,  a compression takes  place which de- 

I n  t h e  t h i r d  zone, t h e  flow i s  

Both t h e  conventional normal shock and thermal compression 

3.1.1.4.6 Summary of supersonic combustion engine performance. &sed 
upon t h e  r e s u l t a n t  i n l e t ,  combustor, a d  nozzle e f f i c i e n c i e s  previously pre- 
sen ted ,  supersonic combustion ramjet cycle  perfonnance f o r  t h e  var ious engine 
conf igura t ions  previously described has been determined as shown i n  Figure 49 
f o r  t h e  high q por t ion  of t h e  f l i g h t  envelope. Performance, i n  general ,  
has been determined assuming a constant pressure combustion mode. 

Configuration B, u t i l i z i n g  a fixed con ica l  centerbody i n  a n  axisymmetric 
conf igura t ion ,  d i d  not meet t he  minimum performance goals  and i s  not  presented. 
Configurat ion B-1 shown here in  was modified t o  include an  i s en t rop ic  sp ike  
centerbody with f u l l  capture  a t  Mach 6 r a t h e r  t h a n  at  8 as w a s  t h e  case  f o r  
Configurat ion B. With supersonic combus t i on ,  a l l  conf igura t ions  except 
Configurat ion B-1 m e t  t h e  minimum performance goals .  
a t  t h e  lower speeds, a l l  configurat ions m e t  o r  exceeded the  m i n i m u m  perfor-  
mance goals.)  Configurations C, D, E, and F, employing thermal compression, 
are roughly comparable i n  performance. Only minor performance d i f f e rences  
e x i s t  f o r  t h e  low q por t ion  of the f l i g h t  envelope i n  comparison t o  t h e  
r e su l t s  presented i n  Figure 49. 

(With subsonic combustion 

5.1.1.4.7 Summary of subsonic combustion engine performance. Subsonic 
combustion performance i n  terms of i n t e r n a l  t h r u s t  c o e f f i c i e n t  and f u e l  
s p e c i f i c  impulse f o r  t h e  var ious  engine conf igura t ions  i s  presented i n  
F igure  30 f o r  t h e  high q t r a j ec to ry .  As indicated,  t h e  minimum performance 
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goals  can be met o r  exceeded wi th  a l l  conf igura t ions .  
i n  t h i s  f i g u r e  is based upon normal shock t r a n s i t i o n  t o  the subsonic mode. 
Again only minor d i f fe rences  e x i s t  f o r  t h e  high a l t i t u d e  o r  low q t r a j e c t o r y .  

The performance shown 

5.1.1.4.8 Summary of component e f f i c i e n c i e s  and geometric f a c t o r s .  A 
summary of  component e f f i c i e n c i e s  and geometric f a c t o r s  f o r  t h e  var ious  engine 
conf igura t ions  is presented i n  Table VII. 
Mach 4, 6, and 8 i n  t h e  supersonic  mode, a t  Mach 3, 4, and 6 i n  t he  subsonic 
mode f o r  high and low q flight paths. 

The t a b l e  includes opera t ion  a t  

5.1.1.5 Struc tures  and cool ing.  The choice of a primary (cooled)  
s t r u c t u r a l  concept and the thermal  p ro tec t ion  system is a f f e c t e d  by many 
f a c t o r s ,  ranging from o v e r a l l  system requirements,  a i r c r a f t / e n g i n e  in t e r f ace ,  
f a b r i c a t i o n  considerat ions,  t o  component technology. I n  t h i s  engine concept 
study, prel iminary cons idera t ion  w a s  given t o  t h e  s t r u c t u r a l  and cool ing  
concepts such that  r e l a t i v e  eva lua t ion  and comparisons could be made. These 
prel iminary s tudies  included examination of the  c r i t i c a l  cool ing  condi t ions  
f o r  the f l i g h t  envelope and studies of c r i t i c a l  component areas. 
fol lowing guidel ines  and objec t ives  which t h e  f i n a l  s t r u c t u r a l  and cool ing  
concept m u s t  s a t i s f y  were e s t ab l i shed  as the r e s u l t  of t h e  s t u d i e s  descr ibed  
here in :  (1) Compatibil i ty w i t h  t h e  a i r c r a f t ,  i ts  operat ion,  and ground 
support ,  ( 2 )  A i r c r a f t  and p i l o t  s a fe ty ,  ( 3 )  Weight l i m i t a t i o n s ,  ( 4 )  Cost, 
(5) 
ance and refurbishment, (7) 
Maximum use of e x i s t i n g  technology ' and experience.  

The 

F e a s i b i l i t y  of development i n  t he  desired t i m e  period, (6) Ease of mainten- 
Maximum f l e x i b i l i t y  f o r  t he  intended use,  and (8) 

5.1.1.5.1 C r i t i c a l  cool ing condi t ions.  Cooling requirements vary  over  
the  f l i g h t  envelope of t h e  X-15A-2 a i r c r a f t .  
(determined f o r  an equivalence r a t i o  of un i ty ) ,  maximum requi red  cool ing  
equivalence r a t i o ,  maximum combustor heat f lux ,  and maximum lead ing  edge 
temperature ( r a d i a t i o n  cooled)  have been c o r r e l a t e d  wi th  the f l ight envelope. 
The f l i g h t  Mach number and a l t i t u d e  where t h e s e  va r ious  condi t ions  occur are 
shown i n  Figure 51. 

Required coolan t  f u e l  f lows 

The minimum absolute  fuel flow ( u n i t y  equivalence r a t i o )  occurs a t  
approximately Mach 6 at maximum alt i tude,  while maximum abso lu te  f u e l  flow 
( u n i t y  equivalence r a t i o )  occurs s l i g h t l y  above Mach 4 a t  minimum a l t i t u d e .  
The maximum cooling equivalence r a t i o  occurs a t  Mach 8 and maximum altitude. 
The m a x i m u m  combustor hea t  f l u x  and t h e  m a x i m u m  l ead ing  edge temperature 
( r a d i a t i o n  cooled) occur at  Mach 8 and minimum al t i tude.  
used t o  aid i n  def ining the  scope of, and t h e  f l i gh t  cond i t ion  c o n s t r a i n t s  
upon, the  Hypersonic R a m j e t  Engine cool ing  system. 

These poin ts  were 

5.1.1.5.2 C r i t i c a l  components. 
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5.1.1.5.2.1 I n l e t  l ead ing  edge. Maximum lead ing  edge temperatures have 
been evaluated at  t h e  maximum hea t  f l u x  f l i g h t  cond i t ion  of Mach 8 a t  88,000 
f e e t  with r a d i a t i o n  cooled leading edges. 
t h e  l ead ing  edge (a  conservat ive approximation), a s t a g n a t i o n  ( o r  m a x i m u m )  
convective hea t  f l ux  input  (determined by t h e  method introduced by Fay and 
R i d d e l l  i n  Reference 7)  w a s  balanced by a r a d i a t i o n  hea t  flux output from 
the l ead ing  edge and a maximum, equilibrium temperature resu l ted .  Maximum 
lead ing  edge temperatures were obtained over a range of c y l i n d e r i c a l  edge and 
s p h e r i c a l  nose radii and leading edge sweep angles .  
shown i n  Figure 52. 

Assuming zero hea t  conduction i n  

These temperatures are 

As  t h e  leading edge radius becomes ve ry  small, the maximum w a l l  tempera- 
t u r e  approaches t h e  s t agna t ion  temperature of t h e  high v e l o c i t y  air  stream, 
while more s i g n i f i c a n t l y ,  t h e  w a l l  temperature sha rp ly  decreases with in- 
c reas ing  radius and sweep angle. For  a given radius ,  s a y  1/16-inch, t h e  
s p h e r i c a l  t i p  temperature is approximately 4100"R. The c y l i n d r i c a l  edge 
temperature, a t  t h i s  radius ,  is about 3900"R with zero sweep and decreases  
t o  approximately 3000°R with 60" of sweep. 
b e  somewhat reduced by consider ing conduction normal t o  the  leading edge 
and w i l l  be  reduced s t i l l  f u r t h e r  by t h e  hea t  s i n k  e f f e c t  of t h e  i n l e t ' s  
i n t e r i o r  sur face  r egene ra t ive  cooling system. 

These temperature l eve l s  w i l l  

A similar parametric s tudy  was conducted, assuming r egene ra t ive ly  cooled 
l e a d i n g  edges. The m a x i m  w a l l  temperature f o r  a cy l ind r i ca l ,  r egene ra t ive ly  
cooled leading edge w a s  determined for t h e  maximum hea t  flux f l i g h t  cond i t ion  
of Mach 8 at 88,000 f e e t .  
hydrogen coolant w a s  assumed t o  be introduced at 100"R and 275 p i a .  
mum temperatures are shown i n  Figure 33 f o r  t h e  tubes ( l e a d i n g  edge cy l inder )  
of 1/16 and 1/8-inch outer  radius as a func t ion  of hydrogen flow rate. 
input  convective hea t  f l u x  w a s  determined using t h e  method introduced by Fay 
and R idde l l  (Reference 7).  
the  a n a l y t i c a l  methods descr ibed  by Reference 12. 
d e s c r i p t i o n  of t he  assumptions made a r e  descr ibed i n  Reference 8. 
t i o n  of t he  m a x i m u m  w a l l  temperature obtained makes it apparent t h a t  e i t h e r  
1/16 o r  1/8-inch radius lead ing  edges at zero  degrees sweep angle could b e  
r egene ra t ive ly  cooled t o  acceptable temperature l e v e l s  w i th  reasonable hydrogen 
flow ra t e s .  

The assumed sweep angle  w a s  zero degrees and t h e  
Maxi- 

The 

The convective cool ing w a s  determined using 
Both methods and a 

Considera- 

The i n l e t  l ead ing  edges may be permanently a t tached o r  replaceable .  
S t r u c t u r a l  concepts inves t iga ted  f o r  each of these  p o s s i b i l i t i e s  were s tud ied .  
F igure  54 shows t h e  permanent leading edge concepts t h a t  were evaluated. 

One concept i s  t h e  use of regenerat ively cooled edges which a t t a c h  t o  
t h e  cooled i n l e t  i n t e r i o r  surface s t r u c t u r e  and which are f a b r i c a t e d  from 
e i t h e r  tubing o r  formed s h e l l  ma te r i a l  having t h e  required w a l l  th ickness .  
This  system probably requi res  a separate  hydrogen coolant  c i r c u i t .  

I n  t h e  second concept, a rad ia t ion  cooled s h e l l  of r e f r a c t o r y  m a t e r i a l  
such as hafnium-tantalum o r  coated columbium is f a b r i c a t e d  and formed i n t o  
a l ead ing  edge which is a t t ached  t o  t he  i n l e t  s t r u c t u r e  by welded r e f r a c t o r y  
r e t a i n i n g  pins. High temperature protect ion is p r imar i ly  accomplished b y  
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t h e  p ro tec t ive  oxide formed by t h e  hafnium-tantalum a l l o y  o r  by the  coa t ing  
on the  columbium base metal. 

Thirdly,  r ad ia t ion  cooled s o l i d  r e f r a c t o r y  s e c t i o n s  of b a r  s tock  can 
be machined i n t o  leading edge s e c t i o n s  and joined by tungs ten  i n e r t  gas 
(TIG) o r  e l e c t r o n  beam welding (EB) techniques t o  t h e  i n l e t  s t r u c t u r e .  
columbium would require  a p ro tec t ive  coat ing.  

The 

Also a t r a n s p i r a t i o n  cooled s h e l l  s e c t i o n  can be f a b r i c a t e d  of porous 

Again a separate hydrogen c i r c u i t  probably 
N-155 s i n t e r e d  wire mesh material (such as Rigimesh) and e l e c t r o n  beam 
welded t o  t h e  i n l e t  s t r u c t u r e .  
would be  used. 

Interchange/replacement of t h e  leading edge is a d e s i r a b l e  des ign  f ea tu re .  
Leading edges are subjected t o  high opera t ing  temperatures, par t ic le  impinge- 
ment, erosion,  oxidation, v ib ra t ion ,  and o the r  environments lead ing  t o  
s t r u c t u r a l  decay. Furthermore, leading edge b luntness  e f f e c t s  on hea t  t r a n s -  
f e r  and inlet /engine performance are worthwhile research  t e s t  objec t ives .  
Therefore, t h e  design o f  removable leading edges w a s  a l s o  s tud ied .  

The replaceable  leading edge concepts i l l u s t r a t e d  i n  Figure 55 include 
a r a d i a t i o n  and convectively cooled s h e l l ,  a r a d i a t i o n  and convect ively 
cooled s o l i d ,  and a t r a n s p i r a t i o n  cooled s h e l l .  The r a d i a t i o n  cooled s h e l l  
concept features a r e f r a c t o r y  s h e l l  formed i n t o  a leading  edge s t r u c t u r e  
sp r ing  loaded i n t o  t h e  i n l e t  cowl s t r u c t u r e .  This  s h e l l  can be f ab r i ca t ed  
i n  lengths  t o  f i t  Scramjet lead ing  edge contours.  
materials are hafnium-tantalum o r  coated columbium. Added cool ing  is pro- 
vided by t h e  hea t  s ink  e f f e c t  of t h e  hydrogen cooled i n l e t  s t r u c t u r e .  

The candidate  r e f r ac to ry  

The r ad ia t ion  cooled s o l i d  concept incorporates  s p r i n g  p i n  r e t e n t i o n  
of s o l i d  r e f r ac to ry  leading edge lengths  assembled t o  form the  complete 
edge. 
coolant  c i r c u i t .  

The s p r i n g  pin is kept  coo l  by immersion i n t o  t h e  i n l e t ' s  regenera t ive  

I n  t h e  t h i r d  concept, t r a n s p i r a t i o n  cooled leading  edge assemblies are 
i n s t a l l e d  on tubular  s tuds  p ro jec t ing  ;rm t h e  i n l e t  s t r u c t u r a l  cowl. 
These assemblies would be r e t a ined  by lock washer des ign  and high temperature 
sea l an t .  Cooling flow i n t o  t h e  t r a n s p i r a t i o n  s h e l l  s e c t i o n  is  metered from 
the  i n l e t  hydrogen cool ing  c i r c u i t ,  thereby e l imina t ing  t h e  need f o r  a 
supplementary c i r c u i t .  

5.1.1.5.2.2 Engine s t r u c t u r e  concepts wi th  regenera t ive  coolinq. 
S t r u c t u r a l  design s tudies  incorpora t ing  regenera t ive  cool ing  were i n i t i a l l y  
predicated on t h e  c a p a b i l i t y  developed by t h e  c o n t r a c t o r  i n  the f a b r i c a t i o n  
of f l igh tweight  hydrogen cooled combustion chambers and exhaust nozzles 
using supera l loy  mater ia ls  such as Hastelloy-X and Rene' 41. These designs 
were predicated upon a regenera t ive  cool ing system which i s  an  i n t e g r a l  
p a r t  of t h e  s t ruc ture .  
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For example, s e v e r a l  candidate methods of regenera t ive ly  cooled w a l l  con- 
s t r u c t i o n  are shown i n  F igure  56 and photographs of regenera t ive  s t r u c t u r e s  
b u i l t  and t e s t e d  a t  Marquardt are shown i n  Figure 57. 
Figure %, t h e  regenera t ive  system is an i n t e g r a l  p a r t  of t h e  s t r u c t u r e .  
Severa l  types of t h i s  composite s t r u c t u r e  can be  f a b r i c a t e d  out  of re inforced 
round tubes,  honeycomb panel  re inforced tubes,  channel re inforced  D tubes,  
r i b  shee t ,  o r  r i b  panel  s ec t ions .  A canbustor  weight comparison f o r  t h r e e  
of t hese  configurat ions i s  shown i n  Figure 58. 

I n  t h e  concepts of 

However, as t h e  Phase I s tudies  progressed, t he  des ign  c r i t e r i a  and 
ob jec t ives  descr ibed e a r l i e r  pointed t h e  way gradual ly  t o  a new and s i g n i f i c a n t -  
l y  b e t t e r  s t r u c t u r a l  concept. 
e r a t i v e l y  cooled w a l l s  a r e  not  part of t h e  primary load car ry ing  s t r u c t u r e .  
A composite i n su la t ive / ab la t ive  i n t e r l a y e r  between t h e  regenera t ive  cool ing 
system and the  primary s t r u c t u r e  reduces t h e  temperature a t  which t h e  primary 
s t r u c t u r e  m u s t  funct ion.  Furthermore, t h i s  concept has a s i g n i f i c a n t  e f f e c t  
upon t h e  a i r c r a f t  and p i l o t  s a fe ty .  This s t r u c t u r a l  concept is  discussed 
more f u l l y  i n  paragraph 5.2.2 and a l s o  i n  Reference 8. 
ske tch  of a t y p i c a l  corrugated regenera t ive ly  cooled panel  ( Hastelloy-X) 
f o r  t h i s  s t ruc tu ra l / coo l ing  concept i s  shown i n  Figure 60. 

This concept is shown i n  Figure 59. The regen- 

A photograph and a 

3.l.l.5.2.3 Engine e x t e r i o r  sur face  s t ruc tu ra l / coo l ing  concepts. The 
e x t e r n a l  surface of t h e  Hypersonic R a m j e t  Engine aft of t h e  leading edge region 
experiences lower hea t  fluxes than  t h e  i n t e r i o r  sur face  of t h e  engine. Con- 
sequent ly ,  s eve ra l  s t ruc tura l /cool ing  concepts can be considered as shown i n  
F igure  61. 

1. Regeneratively cooled s t r u c t u r e  is q u i t e  e f f e c t i v e  b u t  not necessary 
and w i l l  not be  used i n  t h e  development of t he  prel iminary design. 

2 .  Radiation cooled sh ingle  panel s t r u c t u r e  is a t t r a c t i v e  i n  i t s  
s impl i c i ty .  The composite s t r u c t u r e  shown is composed of r a d i a t i o n  
cooled Hastelloy-X shingles ( t o  a l low thermal expansion) and an 
i n s u l a t i n g  s u b s t r a t e  on a s t i f f e n e d  (honeycomb) panel. 

3 .  Ablat ive thermal  pro tec t ion  has been se l ec t ed  f o r  t h e  X-13A-2 a i r -  
plane. Ex te r io r  s h e l l s  o r  removable p a n e b  t h a t  enclose t h e  
engine s t r u c t u r e  log ica l ly  could b e  s i m i l a r l y  coated with t h i s  
ref u rb i s  hab l e  ab lat ive  mat e r ia l .  

I n  a l l  cases ,  t h e  e x t e r i o r  surface mater ia l s  would opera te  at low stress 
l e v e l s .  
e x i s t  one foo t  a f t  of t h e  leading edge (pylon e f f e c t  not  included) .  

Figure 62 shows the  r ad ia t ion  equi l ibr ium sur face  temperatures t h a t  

Metal su r face  temperatures f o r  two of t h e s e  engine e x t e r i o r  s k i n  con- 
cep t s  have been estimated as shown i n  Figure 63. 
t h e  r a d i a t i o n  cooled, all-metal skin and w a s  evaluated a t  t h e  maximum hea t  
flux f l i g h t  condi t ion  of Mach 8 at 88,000 feet .  
s t r u c t u r a l  skin,  a b l a t i v e l y  cooled e x t e r n a l l y  by an  Emerson E l e c t r i c  

The first concept w a s  

The second w a s  t h e  metal 
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a b l a t i v e  material (T-5OOA) and evaluated over t h e  high q t r a j e c t o r y  of t h e  
X-15A-2 a i r c r a f t .  The maximum radiat ion-cooled metal temperature w a s  35OO"R 
immediately i n  f ron t  of t h e  engine support  pylon leading  edge. The estimated 
th ickness  of t h e  Emerson E l e c t r i c  T-5OOA a b l a t i v e  ma te r i a l  required t o  main- 
t a i n  a maximum subs t r a t e  (meta l -ab la t ive  bond) temperature of 9 6 0 ' ~  is  a l s o  
shown i n  Figure 63. 

5.1.1.5.3 Engine hea t  flux and cool ing requirements. The engine in-  
ternal hea t  f l u x  along t h e  upper X-15A-2 f l i g h t  a l t i t u d e  boundary is pre-  
sen ted  i n  Figure 64 f o r  one of t h e  candidate  engine configurat ions used 
du r ing  t h e  engine concept s e l e c t i o n  s tudy  of Phase I. The wrameter pre- 
sen ted  is t h e  r a t i o  of t h e  l o c a l  hea t  f l u x  t o  t h e  product of t h e  f u e l  flow 
(a t  un i ty  equivalence r a t i o )  and enthalpy rise of t he  hydrogen f u e l  (between 
60" and 2000"R). 
temperature of 2 2 6 ~ ' ~  and an i n l e t  e f f e c t i v e  con t r ac t ion  r a t i o  ( ~ / A R )  of 0.05. 
I n  t h e s e  preliminary s tudies ,  a Cornel1 Laboratory c o r r e l a t i o n  (Reference 9 )  
and t h e  B a r t z  method (Reference 10) were used t o  determine t h e  hea t  flux 
f o r  t h e  supersonic and subsonic modes, respec t ive ly .  

The hea t  flux va lues  were computed f o r  an assumed w a l l  

A t  Mach 3 ,  the i n l e t  requi res  no cool ing and subsonic combustion re -  
qu i r e s  more t o t a l  coolant  flow than  supersonic combustion. The same is true 
at  Mach 6, except t h a t  t h e  i n l e t  now requi res  cooling, and i n  addi t ion ,  
t h e  t o t a l  requirements a r e  h igher  than  at  Mach 3 .  
bus t ion  is not  planned. However, t h e  supersonic combustion coolant  requi re -  
ment ($) is m a x i m u m  at t h i s  condi t ion.  

A t  Mach 8, subsonic com- 

The r e l a t i v e  cool ing equivalence r a t i o s  shown on Figure 65 show t h e  
e f f e c t  on cool ing requirements of a l t i t u d e  and combustion mode over the  
X-15A-2 flight envelope. The i n t e r i o r  su r f ace  of t h e  engine w a s  assumed 
10% regenera t ive ly  cooled t o  a su r face  temperature of 2260% over t h e  
envelope except at low f l i g h t  Mach numbers where t h e  a i r  s i d e  a d i a b a t i c  
w a l l  temperature over t h e  i n l e t  was below t h i s  assumed temperature. Again 
an i n l e t  e f f e c t i v e  con t r ac t ion  r a t i o  of 0.05 w a s  assumed. Cooling requi re -  
ments a r e  h igher  with subsonic combustion than  wi th  supersonic  combustion 
a t  a given f l i g h t  Mach number and a l t i t u d e .  
with a l t i t u d e  f o r  a given combustion mode and f l igh t  Mach number. 

Cooling requirements (g)  increase  

During preliminary des ign  s tud ie s ,  inf luence c o e f f i c i e n t s  a r e  of g r e a t  
value i n  making t rade-off  eva lua t ions .  One b a s i c  parameter used i n  ramjet 
s t u d i e s  is t h e  i n l e t  cont rac t ion  r a t i o .  Var ia t ion  i n  t h i s  parameter s i g -  
n i f i c a n t l y  changes t h e  aerothermodynamic p rope r t i e s  through t h e  engine., 
This, i n  t u rn ,  a f f ec t s  engine t h r u s t  and heat  f l u x  d i s t r i b u t i o n  wi th in  t h e  
engine. 
r a t i o  is shown i n  Figure 66 f o r  f l i g h t  condi t ions  of Mach 8 a t  122,000 feet  
with s tudy  engine Configuration E. 

The v a r i a t i o n  i n  r e l a t i v e  cool ing equivalence r a t i o  wi th  con t r ac t ion  

A 4@ increase i n  e f f e c t i v e  con t r ac t ion  r a t i o  (A~/A,)  w i l l  r e s u l t  i n  
approximately a 3@ reduct ion i n  required cool ing  flow, corresponding with 
a reduct ion i n  engine t h r u s t  as shown earlier i n  Figure 12. These influence1 
c o e f f i c i e n t s  w i l l  be considered dur ing  engine preliminary design 86 one way 
of minimizing Cooling flow requirements while maintaining an acceptab le  l e v e l  
of engine t h r u s t .  

I 
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5.1.1.5.4 Engine s t a t i c  pressure loading. S t a t i c  pressure d i s t r i b u t i o n s  
f o r  engine Configuration E are presented i n  Figure 67 f o r  t h e  supersonic com- 
b u s t i o n  mode of operat ion.  
al t i tudes corresponding t o  t h e  lower f l i g h t  boundary. It is noted t h a t  
pressures  are mximum at  &, = 6. 
h ighe r  engine s t a t i c  pressures  than f o r  supersonic combustion. The amount 
of  i nc rease  w i l l  depend upon t h e  e f f e c t i v e  c o n t r a c t i o n  achieved with t h e  
subsonic mode and upon the method of t r a n s i t i o n  t o  subsonic flow as  discussed 
earlier.  M a x i m u m  subsonic combustion f l i g h t  Mach numbers, which w i l l  be 
e s t a b l i s h e d  during t h e  preliminary design phase, w i l l  be determined by 
cons ide ra t ion  of engine weight ( i n t e r n a l  s t a t i c  p re s su re )  and t h e  pressure 
available at  t h e  f u e l  i n j e c t o r  s t a t i o n .  

pressures f o r  & = 3 ,  6, and 8 are shown f o r  

Subsonic combustion w i l l  r e s u l t  i n  10 t o  2% 

5.1.1.6 Development Requirements. 

5.1.1.6.1 Introduct ion.  As discussed earlier,  t h e  s i x  candidate engine 
concepts were reviewed and analyzed from performance, s t r u c t u r a l ,  and develop- 
ment viewpoints. 
minimum performance requirements and each conf igu ra t ion  w a s  bel ieved capable  
of be ing  developed i n t o  a r e l i a b l e  s t r u c t u r a l / c o o l i n g  arrangement. However, 
t h e  amount of development required t o  b r ing  each configurat ion t o  f r u i t i o n  
varies. The configurat ions differ i n  complexity, s t r u c t u r a l  arrangement, 
operat ions,  tnermal loading, cooling requirements, a v a i l a b i l i t y  of materials, 
and techniques f o r  c r i t i ca l  components, e t c .  Since t h e  amount of develop- 
ment is r e f l e c t e d  i n  ultimate cost/time, items a f f e c t i n g  t h e  development 
m u s t  be considered i n  t h e  engine se l ec t ion .  

A l l  configurat ions were judged capable of meeting t h e  

5.1.1.6.2 Method of approach. Seve ra l  methods of approach t o  t h e  review 
and a n a l y s i s  of t h e  development requirements were considered f o r  t h e  pre- 
l iminary phases of t h i s  program. 
engine configurat ions would r equ i r e  sub-scale and f u l l  s c a l e  component and sub- 
system development, s e l e c t i o n  and modification of test  f a c i l i t i e s  and equipment, 
materials development, f a b r i c a t i o n  and t o o l i n g  development, and q u a l i f i c a t i o n  
and acceptance testing of t h e  f i n a l  product. 
considered was t h a t  of o u t l i n i n g  and scheduling the development f o r  each 
configurat ion.  However, it was r ea l i zed  t h a t  considerable  commonality 
existed between configurat ions and t h a t  t h i s  phase o f  t h e  e f f o r t  might be  
%ore prof i t a b l y  used if differences i n  t h e  development requirements were 
ou t l ined .  This lat ter approach was taken herein,  pe rmi t t i ng  the  more s a l i e n t  
development items t o  be  composed on a re la t ive basis i n  Sec t ion  5.2 of  t h i s  
r e p o r t .  

The development of  any one of t h e  candidate  

Thus one method of approach 

5.1.1.6.3 Advanced techniques requirements. A measure of t h e  t i m e  
r equ i r ed  a d  t h e  d i f f i c u l t y  of development i s  t h e  number of advanced technique - 

requirements incorporated i n t o  each of t h e  engine configurat ions.  The items 
considered by  Marquardt as those  r equ i r ing  considerable  advancement i n  t h e  
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state of t h e  ar t  are shown i n  Figure 68. 
s l i d i n g  seals, t h e  use of normal leading edges on t h e  i n l e t ,  and t h e  use of 
cooled, 
symmetric va r i ab le  geometry Configuration A. 
l i s t e d  because of t h e i r  considerably higher  hea t  f l uxes  ( temperatures) .  
wi th  t h e i r  opera t iona l  problems (i .e. ,  danger of lead ing  edge dent ing  o r  
cracking) ,  regenerat ive lead ing  edges would probably be required.  Marquardt 
cons i d e r s  replaceable  regenera t ive  leading edges a d i f f i c u l t  design problem 
and recommends aga ins t  t h e i r  use. 

The engine geometry c o n t r o l  system, 

long s t roke,  high response ac tua to r s  are requi red  wi th  t h e  axi- 
Normal lead ing  edges are 

Even 

A s  noted i n  Figure 68, thermal compression as incorporated i n t o  C o n f i W -  
t i o n s  C, D, E, and F, is l i s t e d  as a n  advanced technique. Although s e v e r a l  
tests have been successfu l ly  conducted with thermal compression, t h i s  i s  a 
r e l a t i v e l y  new and unexploited technique t o  achieve good performance and low 
heat  loads from a low con t rac t ion  r a t i o ,  f i xed  geometry engine. 
care must be given t o  t h e  inlet-conibustor matching. 

Furthermore, 

It is c l e a r l y  evident  from Figure 68 t h a t  engine Configuration A, due  
t o  i t s  va r i ab le  geometry fea ture ,  ____. r equ i r e s  -_--____I__ t h e  l a r g e s t r u t i l i z a t i o n  of advanced 
techniques and, therefore ,  i n  Marquardt's opinion would be  t h e  most expensive 

develop. The remaYnTng- c0fiTigurations are about equal,  with Configuration B I$&€- somewhat lower; and Configurat ion C somewhat h igher  than  t h e  averkge. 
The f i x e d  and s impl i f ied  geometry of Configuration B has one primary problem, 
t h e  des ign  o f  t h e  leading edge, which it is  be l ieved  could b e  overcome by 
design.  Configuration C is r a t e d  somewhat more expensive t o  develop because 
a por t ion  of i t s  leading edge is  normal t o  the  f ree  stream flow. Also, t h e  
aerodynamic development of t h e  i n l e t  compress ion su r faces  would be somewhat 
more complex . 

Advanced technology items not  considered i n  F igure  68 because t h e y  are/ 
common t o  a l l  engine configurat ions include t h e  use of s t a t i c  seals i n  a ' 

h o s t i l e  environment and t h e  problems assoc ia ted  wi th  f u e l  metering and f u e l  
d i s t r i b u t i o n s .  
ment when incorporat ing i n t e r n a l  load c e l l  ins t rumenta t ion  ( f o r  example, 
F igure  69). 
be required i r r e spec t ive  of t h e  use of load cel ls  inasmuch a s  f a b r i c a t i o n  
and manufacturing planning have shown t h e  need f o r  f a b r i c a t i o n  of a l l  
engines i n  sec t ions .  I n  addi t ion ,  f u r t h e r  t rade-of f  s t u d i e s  comparing t h e  
advantages and disadvantages of t h e  i n t e r n a l  load c e l l  concept have led 
Marquardt t o  recommend aga ins t  t h e i r  use (Sec t ion  3.2.4). S imi la r ly ,  reviews 
with var ious manufacturers of f low metering equipment f o r  t h e  environments, 
ranges, and s i z e s  required have ind ica ted  t h e  need f o r  demonstration of 
re l iable  equipment. Minimum instrumentat ion development is required,  con- 
s i s t i n g  almost e n t i r e l y  of f l i g h t  packing of c u r r e n t  state of t h e  art  in-  
struments.  The f u e l  d i s t r i b u t i o n  system is  not regarded as d i f f i c u l t ,  bu t  
p r a c t i c a l  experience is lacking.  

S t a t i c  seals were o r i g i n a l l y  considered f o r  use as a requi re -  

However, f u r t h e r  studies have ind ica t ed  t h a t  s ta t ic  seals w i l l  

3.1.1.6.4 Development t e s t i n g .  Another i t e m  a f f e c t i n g  development 
c o s t s  is t h e  differences i n  t h e  u t i l i t y  and range of opera t ion  of a v a i l a b l e  
t e s t  f a c i l i t i e s  when consider ing t h e  d i f fe rences  i n  shape and conf igura t ion  
of t h e  candidate engine concepts.  A review of e x i s t i n g  Government f u l l  s c a l e  
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t e s t  f a c i l i t i e s  shows t h a t  engine burning times a t  high Mach number, low 
a l t i t u d e  condi t ions w i l l  be l imited.  
Mach number s imula t ion  reduces t h e  run t i m e  ava i l ab le .  Therefore, it is 
apparent  t h a t  t h e  free j e t  nozzle which allows f l i g h t  s imula t ion  should be 
made as small as poss ib le  t o  minimize f ree  j e t  s p i l l a g e .  There m u s t  be  
s u f f i c i e n t  nozzle e x i t  area around t h e  engine i n l e t  s o  t h a t  t h e  f a c i l i t y  
nozzle can be s t a r t e d .  Also, i n  the case of the  uns ta r ted  i n l e t ,  n e i t h e r  
t he  amount of flow s p i l l a g e  nor the flow p a t t e r n  wi th in  t h e  i n l e t  should be  
inf luenced by t h e  nozzle ex i t  dis turbance o r  t h e  r e f l e c t i o n  of  t h e  s p i l l a g e  
shock system. 
l i m i t a t i o n s ,  t he  f a c i l i t y  f r e e  j e t  nozzle may be contoured t o  the  shape and 
form t h e  the  engine i n l e t .  However, as f ree  j e t  nozzles increase  i n  s i z e ,  
economics play a n  increas ingly  bigger ro l e .  
s i z e  are considerably less expensive t o  bui ld ,  and t h e  t e s t ing  and develop- 
ment of t he  round axisymmetric engine is, therefore ,  minimized. With the  
o t h e r  configurat ions,  a penal ty  i n  c o s t  w i l l  be incurred, e i t h e r  i n  t h e  form 
of reduced run t i m e  f o r  a given t e s t  c e l l  occupancy o r  i n  the form of c o s t  
of development of contoured nozzles. 

I n  p a r t i c u l a r ,  t h e  requirement f o r  high 

I n  order  t o  minimize s p i l l a g e  cons i s t en t  with t h e  above 

Round f ree  j e t  nozzles of l a r g e  

3.1.1.6.5 Instrumentation. The development of t h e  instrumentat ion re- 
qui red  for t h e  Hypersonic Ramjet Research Engine i s  discussed i n  Sec t ion  5.2.4 
of t h i s  report. 

3.1.1.7 X-13A Compatibi l i ty  and f l ight  sa fe ty .  Each engine configurat ion 
has been evaluated with respec t  t o  t h e  X-15A-2 compat ib i l i ty  and f l i g h t  s a fe ty  
requirements as spec i f i ed  i n  t h e  Statement of Work. These requirements were 
included i n  t h e  Summary of Guidelines and Requirements of Appendix A t o  t h e  
Statement of Work i n  Tables I and I1 herein,  respec t ive ly .  The more s a l i e n t  
items are summarized herein.  

5.1.1.7.1 Mach number-altitude p r o f i l e .  As discussed i n  paragraph 
3.1.1.4, a l l  engine configurat ions are bel ieved c a F b l e  of meeting t h e  
minimum t e s t  performance requirements over t h e  Mach range 4 t o  8, with an 
a l t i t u d e  range c a p a b i l i t y  of a t  l e a s t  15,000 feet  from t h e  se l ec t ed  Mach 
number a l t i t u d e  p r o f i l e  . 

3.1.1.7.2 Engine w e i g h t  and cen te r  D f  g rav i ty .  All conftgurat ions 
i n i t i a l l y  s tud ied  employed load c e l l s  f o r  i n t e r n a l  t h r u s t  measurements, a 
s t r u c t u r a l  sp ine  and removable in l e t s ,  combustor-nozzle sec t ions ,  and outer  
s k i n  panels  (Figure 69). 
F igure  70. 

A r e l a t i v e  weight comparison is included i n  

The engine cen te r  of g rav i ty  w a s  determined t o  e s t a b l i s h  poss ib le  
effects  upon t h e  engine j e t t i s o n  system. Although t h e r e  were va r i a t ions  
between configurat ions,  t h e  results did not i nd ica t e  a s i g n i f i c a n t  in-  
f l uence  i n  t h e  engine concept se lec t ion .  Also, t h e  changes i n  t h e  X-l3A-2 
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c e n t e r  of g r a v i t y  due t o  weight and c e n t e r  of g r a v i t y  of the  var ious  engines 
va r i ed  only s l i g h t l y  w i t h  t h e  l i m i t a t i o n s  i n  poss ib l e  engine l o c a t i o n  and 
i n s t a l l a t i o n  upon the  X-15A-2. 
t i o n s  met t h e  maximum weight allowance. The recommended c o n w o n  taken 
i n t o  t h e  preliminary des ign  phase, Configuration D-6, weighs approximately 

W i  -_load c e l l s ,  a l l  configura-  

00 pounds. 

5.1.1.7.3 Dimensional aspec ts .  The al lowable ramjet i n s t a l l a t i o n  en- 
velope f o r  t h e  X-15A-2 is shown i n  F igure  2 of Appendix A of t h e  Statement of 
Work. 
r e s t r i c t i o n s .  

A l l  engine configurat ions considered comply wi th  t h e s e  envelope 

The i n l e t  capture  area w a s  s e l ec t ed  a t  t h e  minimum al lowable of 1.76 
sq f t .  
cool ing  f u e l  flows and engine weight. 
For $ = 1, the engine f u e l  flow is propor t iona l  t o  t h e  engine capture  areas. 
If t h e  required cooling flows are small, t h e  maximum engine f u e l  flow is 
propor t iona l  t o  the engine capture  areas 
cool ing flows are h igh ,  t h e  maximum engine f u e l  flow is  propor t iona l  t o  t h e  
engine wetted area. 
flow w i l l  be a minimum f o r  t h e  smallest engine. 
hydrogen s torage  is  l imi ted  t o  48 pounds, maximum ramjet t e s t  time is  pro- 
vided by t h e  smallest  engine capture  area. 
s idered ,  namely, engine component w e i g h t  which is  propor t iona l  t o  i n t e r n a l  
su r f ace  area, component weight wherein hoop stress is held constant ,  a d  
component weights wherein s t r u c t u r a l  d e f l e c t i o n  w a s  held constant .  I n  a l l  
t h r e e  cases ,  t h e  lightest engine components ( i .e . ,  engine) correspond t o  the 
minimum capture  area.  

This decis ion w a s  based upon cons idera t ions  of required engine and 
Consider f i rs t  t h e  required f u e l  flow. 

On t h e  o the r  hand, if t h e  required 

I n  e i t h e r  high o r  low cool ing  cases,  t h e  engine f u e l  
Remembering t h a t  t h e  X-l5A-2 

Three weight cr i ter ia  were con- 

The nominal e x i t  nozzle area se l ec t ed  w a s  t h e  maximum allowed, co r re s -  
ponding t o  an  ove ra l l  engine area r a t i o  of 2.0. The nozzle f o r  t h e  Hyper- 
son ic  R a m j e t  i s  considerably urder-expanded as w a s  ind ica ted  i n  F igure  3 3 .  
Maximum t h r u s t  i s  therefore  obtained by expanding t h e  nozzle t o  as l a r g e  
an area as possible.  Some penal ty  i n  e x t e r n a l  d rag  is incurred by use of 
t h e  m a x i m u m  engine area r a t i o  allowable.  However, a m a x i m u m  thrust-minus- 
drag  is  achieved with t h i s  s e l e c t i o n .  
nozzle e x i t  area, is  somewhat less than  twice the i n l e t  capture  area f o r  a l l  
engine configurat ions as i s  shown i n  Table V I I .  The e x t e r n a l  s k i n  l i n e  a t  
t h e  nozzle e x i t  s t a t i o n  is loca ted  a t  i t s  c l o s e s t  proximity t o  the veh ic l e .  
The a c t u a l  ex i t  nozzle flow area m u s t  account f o r  t h e  structural engine depth 
at  t h e  nozzle e x i t  s t a t i o n .  
nozzle flow area as a r e s u l t  of t h e i r  shape and t h e  above r e s t r i c t i o n s .  

The ac tua l ,  as opposed t o  nominal 

The round engine conf igura t ions  have t h e  smallest 

5.1.1.7.4 Operation and f l i g h t  safetx. A philosophy developed a t  the 
i n i t i a t i o n  of the  Phase I s t u d i e s  w a s  t h a t  no failure of t h e  research  engine - 

o r  assoc ia ted  s t ruc tu re  and subsystems w i l l  endanger the  normal f l i g h t  
s a f e t y  of t h e  X - 1 5  o r  i t s  p i l o t .  Furthermore, opera t ion  of the ramjet engine 
shal l  r equ i r e  a minimum of p i l o t  a t t e n t i o n ,  w i t h  engine opera t ion  and c o n t r o l  
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as automatic as poss ib l e .  
system were incorporated.  Similar ly ,  s a f e t y  precautions,  such as engine 
j e t t i s o n  under any normal condition wi th in  t h e  X-l5A-2 f l i g h t  envelope, 
purge systems, f i r e  warning l i g h t s ,  and cockpit  panels t o  monitor t h e  engine 
ope ra t ion  f o r  t h e  p i l o t ,  have been assumed f o r  a l l  engine concepts considered. 
Maximum f l i g h t  s a f e t y  w i l l  b e  insured through t h e  use of two types of d i s c r e t e  
point  f i r e  and overheat d e t e c t i o n  systems. Although a d e t a i l e d  approach t o  t h e  
o p e r a t i o n a l  and s a f e t y  requirements w a s  not poss ib l e  f o r  each engine considered 
i n  the conceptual design s t age ,  preliminary s t u d i e s  ind ica t ed  t h a t  no s i g n i f i c a n t  
d i f f e r e n c e s  between engines should r e s u l t .  
l iminary design, t hese  s t u d i e s  and analyses  have been g r e a t l y  advanced, and 
safe and r e l i a b l e  systems have been evolved as discussed i n  Reference 8. 

Thrust  and drag measurement systems f o r  each engine 

With the  engine s e l e c t e d  f o r  pre- 

5.1.1.7.5 Ground equipment. The ana lys i s  of support  requirements revealed 
t h a t  s a t i s f a c t o r y  s o l u t i o n s  t o  handling, maintenance, and check-out procedures 
could be def ined f o r  ramjet geometries w i th in  t h e  l i m i t s  s p e c i f i e d  by "X-l5A-2 
Ground Clearance" i n  Figure 2 o f  Appendix A of t h e  Statement of Work and without 
t h e  n e c e s s i t y  of r e s t r i c t i o n s  on t h e  aerothermodynmic conf igu ra t ion  of t h e  
ramjet. The t i m e  c o n s t r a i n t s  f o r  f l i g h t  turn-around t o  impose c e r t a i n  main- 
t a i n a b i l i t y  c r i t e r i a  on t h e  engine design.  
a c c e s s i b i l i t y  and assembly methods cons i s t e n t  with replacement of components 
which may be s u b j e c t  t o  damage due t o  f l i g h t  temperature environments or 
recovery and t h e  replacement of expended components. 
adjustments f o r  the f u e l  c o n t r o l  must be provided t o  allow r e s e t t i n g  f o r  t r a j e c -  
t o r y  considerat ions and adjustment t o  a predetermined f u e l  schedule. 

The s t r u c t u r a l  design must consider  

Also, access  t o  t h e  

5.1.1.7.6 Thrust and drag measurement. The engine m u s t  b e  i n s t a l l e d  i n  
i t s  support  i n  a manner t h a t  allows measurement of engine t h r u s t  and drag 
d u r i n g  f l i g h t .  I n  t h e s e  conceptual design s tud ie s ,  it w a s  assumed t h a t  a l l  
b u t  12 inches of t h e  lower v e n t r a l  f i n  would be removed and t h a t  t he  engine 
would be supported and mounted 12 inches from t h e  lower v e h i c l e  s k i n l i n e  on 
t h i s  f i n .  Within t h i s  f i n  volume would be located t h e  ramjet c o n t r o l  package, 
f u e l  l i n e s ,  instrumentat ion l i n e s ,  a sepa ra t ion  mechanism f o r  ramjet e j e c t i o n  
upon malfunction, and a load  c e l l  t o  e s t a b l i s h  n e t  t h r u s t  and d rag  loads upon 
the  engine.  
speed brake and a c t u a t i o n  system. 

The af t  s e c t i o n  of the f i n  was assumed t o  con ta in  t h e  present  

It is  des i r ed  t h a t  only the  a x i a l  fo rces  upon t h e  engine be  reacted,  and 

Although a d e t a i l e d  des ign  o f  t he  load c e l l  and s t r u t  support  were 
t h a t  extraneous fo rces  be minimized i n  design of t he  engine support  i n t e r -  
face.  
beyond t h e  scope of t h e  preliminary s t u d i e s  , preliminary layouts indicated 
no s i g n i f i c a n t  d i f f e rences  i n  t h e  t h r u s t  and drag measurement d i f f i c u l t i e s  
between t h e  va r ious  engine configurat ions.  Ex i s t ing  load c e l l s  were believed 
capable  of handling t h e  a x i a l  aerodynamic and i n e r t i a l  loads as w e l l  as 
be ing  r e l a t i v e l y  i n s e n s i t i v e  t o  the thermal g rad ien t s  t h a t  might ex is t  
w i t h i n  t h e  engine support  cav i ty .  
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3.2 Comparative S tud ie s  

The b a s e l i n e  engine configurat ions have been descr ibed and t h e  r e s u l t s  of 
prel iminary analyses of component and ramjet cyc le  performance, s t r u c t u r a l  and 
cool ing aspects ,  development requirements, and f a c t o r s  a f f e c t i n g  t h e  X-l5A 
compa t ib i l i t y  and f l i g h t  s a f e t y  f o r  t h e  var ious engines have been presented.  
Comparative s tud ie s  of the va r ious  engine concepts are now discussed.  

5.2.1 Performance and o p e r a t i o n a l  f l e x i b i l i t x .  

fl 

5.2.1.1 Component performance. A summary of component e f f i c i e n c i e s  and 
geometric f a c t o r s  f o r  the va r ious  engine configurat ions is presented i n  Table 
VII. The t a b l e  includes operat ion a t  Mach 4, 6, and 8 i n  t h e  supersonic mode 
and Mach 3, 4, and 6 i n  t h e  subsonic mode f o r  both t h e  low and high a l t i t u d e  
f l i g h t  boundaries.  The component i n t e r r e l a t i o n s h i p s  discussed under t h e  com- 
ponent analyses sec t ion  of t h i s  r e p o r t  are evident  i n  t h i s  t a b l e .  

U 
3.2.1.2 Engine performance. The t h r u s t  and impulse performance f o r  each 

engine concept has been estimated u t i l i z i n g  t h e  appropr i a t e  component e f f i c i e n -  
c i e s .  Conditions examined have included supersonic and subsonic combustion 
modes over t h e  Mach range and a t  t h e  high and low a l t i t u d e  extremes of  t h e  
X-15A-2 f l i g h t  envelope. Real iz ing t h a t  some des ign  v a r i a t i o n  i s  poss ib l e  
w i t h i n  each configuration, a l l  conf igu ra t ions  were judged capable of meeting 
t h e  minimum performance requirements and t o  be e q u a l l y  capable as t o  range of 
speed and a l t i t u d e  of operat ion and a d a p t a b i l i t y  t o  v a r i a t i o n s  i n  combustion 
mode. 

h ighe r  viscous losses and the i n a b i l i t y  t o  achieve h ighe r  e f f e c t i v e  con t r ac t ion  
r a t i o s  w i t h  t h e  axisymmetric conf igu ra t ion  con t r ibu ted  t o  i ts  smaller per- 
formance p o t e n t i a l .  As expected, t h e  lowest performance was achieved w i t h  
t h e  f i x e d  geometry, axisymmetric conf igu ra t ion .  

The performance of t h e  thermal compression conf igu ra t ions  are about equal,  
each exceeding t h e  performance of t h e  v a r i a b l e  geometry configurat ion.  The & 

5.2.2 St ruc tu res  and cooling. 

5.2.2.1 Comparison of cool ing requirements of candidate  engine configura- 
t i o n s .  
t i o n  study of Phase I were p r imar i ly  d i r e c t e d  toward ob ta in ing  t h e  r e l a t i v e  
cool ing requirements of t h e  engine configurat ions represented schemat i ca l ly  
i n  Figure 3. 
assuming t h a t  t h e  engine i n t e r n a l  engine su r faces  were r egene ra t ive ly  cooled 
and maintained a t  a constant  w a l l  temperature of 2 2 6 0 0 ~ .  
equivalence r a t i o  occurs at the  upper right-hand co rne r  of t h e  proposed 
f l i g h t  co r r ido r ,  at Mach 8, 80,000 fee t  a l t i t u d e .  Therefore,  t h i s  cond i t ion  
w a s  s e l e c t e d  f o r  the comparison. The cumulative s u r f a c e  areas as a f'unction 

Cooling requirement s t u d i e s  conducted du r ing  t h e  engine concept s e l e c -  

Heat f l u x  p r o f i l e s  were obtained f o r  t h e s e  engine configurat ions 

The maximum coo l ing  
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of axial length are shown i n  Figure 71 f o r  each engine conf igu ra t ion .  
f i g u r a t i o n s  A, By and D which have l a r g e  centerbodies,  have considerably 
l a r g e r  wetted areas .) 
t i o n s  s tud ied  are given i n  Figure 72. The analyses  are based upon t h e  Corne l l  
c o r r e l a t i o n  (Reference 9 ) .  
t h e  engine surface w a s  m a d e  t o  determine t h e  cool ing requirements as presented 
i n  Figure 73. 
d a t a  are compared. The most important parameter is t h e  r egene ra t ive  system 
coo l ing  requirements, o r  t he  r e l a t i v e  coo l ing  equivalence r a t i o ,  evaluated a t  
Mach 8 a t  122,000 fee t .  This cooling parameter v a r i a t i o n  follows c l o s e l y  t h e  
wetted a r e a  v a r i a t i o n s  of t h e  engine and t h e  high hea t  flux combustor area. 
Because of t h e  high hea t  f l u x  on the leading edges, r ep laceab le  leading edges 
are be l i eved  f e a s i b l e  only with Configurations D, E, and F. 

(Con- 

Heat flux d i s t r i b u t i o n s  f o r  t h e  var ious engine configura- 

An i n t e g r a t i o n  of t hese  hea t  f l u x  p r o f i l e s  over 

The r e l a t i v e  cooling equivalence r a t i o s  and var ious geometric 

The r e s u l t s  of d e t a i l e d  design i n  reducing t h e  coo l ing  requirement f o r  
a given system are shown i n  Figure 74 f o r  t h e  s e l e c t e d  engine Configuration D. 
The centerbody w a s  reduced considerably i n  s i z e ,  r e s u l t i n g  i n  reduct ion i n  
wetted area. 
geometry, r e s u l t i n g  i n  s h o r t e r  combustor s e c t i o n s  exposed t o  t h e  maximum neat 
f l u x .  S imi l a r  improvements r e s u l t i n g  from refinements i n  t h e  design would be  
expected f o r  t h e  o t h e r  engine configurat ions.  The i n i t i a l  point  for Configura- 
t i o n  E is shown f o r  comparison i n  Figure 74. I n  p a r t i c u l a r ,  t h e  i n t e r s t a g i n g  
and sweep of f u e l  i n j e c t o r s  f o r  the thermal compression systems can r e s u l t  i n  
s h o r t ,  reasonable maximum f lux  level ,  high performance systems. On t h e  o t h e r  
hand, less can be done t o  reduce the combustor h e a t  f l u x  i n  t h e  axisymmetric 
uniform flow Configurations A and By wherein t h e  f u e l  i n j e c t o r s  have been 
assumed arranged i n  rows normal t o  t h e  en te r ing  flow (See paragraph 5.2.6). 

The f u e l  i n j e c t i o n  system w a s  t a i l o r e d  t o  t h e  inlet-combustor 

The results of t h e  cool ing study were i n t e g r a t e d  with t h e  performance 
a n a l y s i s  r e s u l t s  and o the r  s tud ie s  conductecl du r ing  t h e  engine concept s e l ec t , i on  
a c t i v i t y  of Phase I. 
i n  Figure 84) t o  be used f o r  t h e  preliminary design s tudy evolved. 

From t h i s ,  the s e l e c t e d  engine Configuration D-6 (shown 

5.2.2.2 Basis f o r  t h e  se l ec t ed  s t r u c t u r a l / c o o l i n g  des ign  approach. The 
s t r u c t u r a l  and cool ing concepts s tudied during t h e  e a r l y  p a r t  of t h e  Phase I 
s t u d i e s  were evaluated with respect t o  t h e  s e l e c t e d  engine confLguration and 
compared on t h e  basis of several important considerat ions r e l a t e d  t o  t h e  over- 
a l l  system requirements and t o  e x i s t i n g  f a b r i c a t i o n  and component technology. 
S p e c i f i c a l l y ,  t h e  s e l e c t e d  s t ruc tu ra l / coo l ing  concept must s a t i s f y  the  fol lowing 
c r L t  e 1- la  : 

1. A i r c r a f t  and p i l o t  s a f e t y  

2. F e a s i b i l i t y  of development i n  the d e s i r e d  t ime period 

3 .  Maximum f l e x i b i l i t y  f o r  inten6ed use 

4. Compatibil i ty with t h e  a i r c r a f t ,  i t s  ope ra t ion  and ground support 
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?. Weight l i m i t a t i o n s  

6. Cost 

7. Maintenance and refurbishment requirements 

8 .  Maximum use of  e x i s t i n g  technology and experience 

As  t h e  Phase I s t u d i e s  progressed, t hese  c r i t e r i a  coupled with t h e  r e s u l t s  
of system and configurat ion evaluat ions pointed t h e  way g radua l ly  t o  t h e  
s t r u c t u r a l  and cooling concepts r e f l e c t e d  i n  t h e  s e l e c t e d  engine. Along t h e  
way many techniques, materials, and methods s u c c e s s f u l l y  appl ied i n  ear l ier  
technology programs were evaluated, modified, and, i n  some cases ,  r e j e c t e d  
because of  incompatibi l i ty  with t h e  s t a t e d  ob jec t ives .  The concept f i n a l l y  
chosen meets t h e  above c r i t e r i a  and, i n  Marquardt's opinion, f u l l y  s a t i s f i e s  
t h e  t e c h n i c a l  object ives  de l inea ted  by NASA. 

Figure 59 schematically shows t h e  s e l e c t e d  s t r u c t u r a l  and cool ing concepts.  
The following are the major f e a t u r e s  and t h e  reasons f o r  t h e i r  s e l e c t i o n :  

1. Separation of t h e  primary s t r u c t u r e  and r egene ra t ive ly  cooled i n t e r i o r  
w a l l s  so t h a t  t h e  regenerat ively cooled w a l l s  are not p a r t  of t h e  primary load 
ca r ry ing  s t r u c t u r e .  
engine s t r u c t u r e  and s a t i s f y  a minimum of extraneous mechanical r e q u i r e m n t s ,  
i.e., t hey  con ta in  hydrogen f u e l  under pressure and t r ansmi t  t h e  i n t e r n a l  
engine pressures  t o  t h e  primary s t r u c t u r e .  This approach allowed g r e a t  f l ex i -  
b i l i t y  i n  t h e  choice of designs for t hese  su r faces  and many s i m p l i f i c a t i o n s  
from a development and f a b r i c a t i o n  point  of view. It a l s o  l ed  t o  a concept 
which g r e a t l y  contr ibutes  t o  the s a f e t y  a spec t s  of t h e  engine, as descr ibed 
below. 

These walls se rve  t r u l y  as a thermal  p ro tec t ion  f o r  t h e  

2. Use of  a composite i n s u l a t i v e / a b l a t i v e  i n t e r l a y e r  between t h e  
r egene ra t ive ly  cooled su r face  and t h e  primary s t r u c t u r e .  This f e a t u r e  satis- 
f i e s  s e v e r a l  requirements, bu t  has a most s i g n i f i c a n t  e f f e c t  on a i r c r a f t  and 
p i l o t  safety,  design, weight, and c o s t  of t h e  primary s t r u c t u r e .  I n  case of 
a f a i l u r e  i n  t h e  regenerat ive coo l ing  func t ion  l ead ing  t o  a l o s s  of t he  coo l ing  
panel, ( t h e  engine component subjected t o  t h e  most h o s t i l e  environmental stress), 
t h e  a b l a t i v e  in t e r l aye r ,  which i s  capable of withstanding d i r e c t  contact  with 
t h e  combustion gas, w i l l  provide a va luab le  t ime i n t e r v a l  between f a i l u r e  
of t h e  regenerat ive panel and hea t ing  of t h e  primary s t r u c t u r e  t o  t h e  po in t  
of l o c a l  f a i l u r e .  Under normal operation, t h e  i n t e r l a y e r  a c t s  s o l e l y  as an 
i n s u l a t o r .  

The combination of i n s u l a t o r  and a b l a t o r  w i l l  keep t h e  primary s t r u c t u r e  
a t  a low temperature under t h e  most severe mission condi t ions.  The i n s u l a t o r  
w i l l  l i m i t  the  temperature a t  t h e  a b l a t i v e  i n t e r f a c e  t o  WOOF m a x i m u m ,  
prevent ing it from a b l a t i n g  under normal (nonemergency) ope ra t ing  condi t ions.  
This avoids a requirement f o r  refurbishment i n  normal o p e r a t i o n a l  usage. 
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Other b e n e f i t s  of t h i s  technique are t h e  a b i l i t y  t o  use e a s i l y  worked 
steels f o r  t h e  primary s t r u c t u r e ,  easing of c r i t i c a l  t o l e rances  on t h e  
r egene ra t ive  wal l - to-s t ruc t u r e  in t e r f ace ,  and f u l l  con tac t  pressure load 
t ransmission from t h e  walls t o  t h e  primary s t r u c t u r e .  

3 .  Modified monocoque primary s t r u c t u r e .  This w e l l  e s t ab l i shed  a i r c r a f t  
t ype  s t r u c t u r e  provides the  b e s t  weight-to-strength r a t i o  next t o  honeycomb 
s t r u c t u r e s  and it is  i d e a l l y  s u i t e d  f o r  the complex shapes of t hese  engines. 
The low volumetric s t r u c t u r a l  f r a c t i o n  of such a s t r u c t u r e  allows room f o r  t h e  
many components ( in s t rumen ta t ion  transducers,  f u e l  i n j e c t o r s  and manifolds, 
plunibing and harnesses)  and toge the r  with a removable o u t e r  skin,  permits 
ready access t o  t h e  equipment. Being a redundant s t r u c t u r e ,  i t  is capable of 
s u s t a i n i n g  l o c a l  damage without ca t a s t roph ic  f a i l u r e  ( i . e . ,  f a i l s a f e  by a i r c r a f t  
s t anda rds ) .  

4. Uncomplicated cool ing system. The favorable  hea t  f l u x  condi t ions of 
t h e  o v e r a l l  engine concept and t h e  f l e x i b i l i t y  provided by t h e  sepa ra t ion  of 
t h e  coo l ing  system from t h e  primary s t r u c t u r e  allows t h e  a p p l i c a t i o n  of 
r e l a t i v e l y  simple r egene ra t ive  su r face  designs.  The r egene ra t ive ly  cooled 
panel  design shown i n  Figure 60 provides t h e  necessary f l e x i b i l i t y  t o  s a t i s f y  
hea t  t r a n s f e r  requirements, i s  r e l a t i v e l y  easy t o  f a b r i c a t e  wi th  e x i s t i n g  
technology ,and minimizes p o t e n t i a l  leakage paths .  The cooling c i r c u i t r y  
a r r i v e d  a t  is  t h e  r e s u l t  of c a r e f u l  evaluat ion of cool ing needs, n a t u r a l  
mechanical i n t e r f a c e s ,  and assembly and check-out considerat ions.  For example, 
t h e  choice of s e p a r a t e  coo l ing  c i r c u i t s  f o r  t h e  l ead ing  edge a reas  provides a n  
i n t e r f a c e  w i t h  t h e  main engine port ions which is  compatible with t h e  needs of 
design,  f ab r i ca t ion ,  and assembly. The a n a l y t i c a l  s t u d i e s  showed t h a t  t h e  
use of constant  height  panels and the use of blockage i n  t h e  corrugated flow 
passages for  c o n t r o l  of coolant  f l o w  and h e a t  t r a n s f e r  w i l l  s a t i s f y  t h e  o v e r a l l  
c o o l i n g  needs of t h e  engine. Fabricat ion problems and cos t  a r e  reduced i n  
comparison with contoured flow passage approaches. 

5 .  Thermal stress and development a spec t s .  Thermal stress problems, 
which a r e  inherent  i n  many cases ,  such as the  r egene ra t ive ly  cooled w a l l s  and 
l e a d i n g  edges, are s u b s t a n t i a l l y  eased by t h e  sepa ra t ion  of primary load 
c a r r y i n g  s t r u c t u r e  and cool ing elements. By v i r t u e  of t h e  i n s u l a t i v e  i n t e r l a y e r  
concept, t h e  primary s t r u c t u r e  will see only limited temperature v a r i a t i o n s  
which a redundant s t r u c t u r e  can e a s i l y  accommodate. The high thermal stress 
elements, not being s u b j e c t  t o  t h e  r e s t r a i n t s  imposed by primary load c a r r y i n g  
needs, can be designed t o  t h e i r  own s p e c i f i c  needs. Typically,  r egene ra t ive ly  
cGoled panels ?an grew ar,d deforr?, i n  E mamer which eph-ances t,he?lr funct.Tona1 
e f f e c t i v e n e s s  and t akes  f u l l  advantage of t h e  containment o f f e red  by the  
primary s t r u c t u r e .  
elements allows p a r a l l e l  development of t hese  ve ry  important components a l l  
through t h e  program. This procedure w i l l  r e s u l t  i n  e a r l y  evaluat ion of t hese  
c r i t i c a l  elements long be fo re  a complete engine could be made a v a i l a b l e .  

The e s s e n t i a l  independence of s t r u c t u r e  and coo l ing  system 
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6.  Materials and manufacturing processes.  The chosen engine concept 
reduces materials and f a b r i c a t i o n  problems i n  t h e  primary s t r u c t u r e s  t o  a 
w e l l  known and e s t ab l i shed  l e v e l  of technology. Materials considerat ions for 
t h e  high temperature elements are reported i n  Appendix F. 
e f f e c t s  of t h e  f ea tu res  discussed above r e s u l t  i n  s u b s t a n t i a l  s i m p l i f i c a t i o n s  
i n  t h i s  area too.  The materials, f a b r i c a t i o n ,  and j o i n i n g  techniques needed 
i n  t h e  execution of t h i s  design a r e  e i t h e r  r e a d i l y  a v a i l a b l e  today o r  
s u f f i c i e n t l y  f a r  along t o  be a v a i l a b l e  when needed. Some of t h e  technology 
work performed a t  Marquaxdt i n  t h e  area of hypersonic propulsion c a l l e d  f o r  
considerably more soph i s t i ca t ed  techniques than  t h i s  engine w i l l  r equ i r e .  

The combined. 

5.2.2.3 Basis f o r  t h e  s e l e c t e d  c r i t i c a l  component designs.  

5.2.2.2.1 Leading edge. The maximum leading edge temperatures of t h e  

These maximum lead ing  edge temperatures were 
Scramjet engine on t h e  X-13A-2 a i r c r a f t  w i l l  occur a t  t h e  Mach 8 f l i g h t  condi- 
t i o n  a t  88,000 f e e t  a l t i t u d e .  
i n i t i a l l y  evaluated at t h i s  cond i t ion  assuming only r a d i a t i o n  coo l ing  of t h e  
l ead ing  edge and no conduction i n t o  t h e  leading edge material. As  presented 
i n  Figure 52, s p h e r i c a l  and c y l i n d r i c a l  leading edges of va r ious  sweep angles 
were evaluated t o  determine t h e  maximum w a l l  temperature as a func t ion  of 
l ead ing  edge radius.  
sweep angles would r equ i r e  materials such as beryll ium, columbium, and 
hafnium a l l o y s ,  a l l  of which r e q u i r e  a coat ing f o r  ox ida t ion  p ro tec t ion .  

The s p h e r i c a l  and c y l i n d r i c a l  l ead ing  edges with small 

Regeneratively cooled l ead ing  edge configurat ions were i n i t i a l l y  
evaluated assuming leading edge sweep angles  of zero degrees.  
t h e  m a x i m u m  w a l l  temperature as a f u n c t i o n  of hydrogen coolant  flow rate t o  
a 1/16 and 1/8-inch r ad ius  l ead ing  edge tube.  
conservat ive because it does not consider  r a d i a t i o n  from t h e  leading edge 
su r face  nor conduction l a t e r a l l y  a long the leading edge tube.  Also, t h e  
l ead ing  edge sweep angle  is  l a r g e r  t h a n  zero degrees  over  most of t h e  leading 
edge su r face .  
tube denting, reducing t h e  coolant  f low rate with a r e s u l t a n t  i nc rease  i n  
metal temperature. 
d i f f i c u l t y  problems, r egene ra t ive ly  cooled leading edges are not recommended. 

Figure 53 shows 

Figure 53 i s  somewhat 

However, t h e  coo l ing  adequacy could be  s e r i o u s l y  a f f e c t e d  by 

Because of  t h e s e  ope ra t iona l  as w e l l  as development 

Permanent and replaceable  l ead ing  edge s t r u c t u r a l  design concepts 
were evaluated t o  obtain t h e  b e s t  compromise between d u r a b i l i t y ,  use of 
s t a t e  of t h e  art  techniques, and r e p l a c e a b i l i t y .  
cowl configurat ion is shown i n  Figure 75. This conf igu ra t ion  uses a 
s t a t e  of t h e  a r t  material (Hastelloy-X), it is  r ep laceab le  by  t h e  use of 
pinned j o i n t s ,  and it is s i g n i f i c a n t l y  more du rab le  than the  t h i n  w a l l  l e ad ing  
edge tubes shown i n  Figure 54. 
temperatures no g rea t e r  than 1200" on t h e  back s u r f a c e  of a l ead ing  edge 
maintained by a coolant c i r c u i t ,  t he  maximum w a l l  temperature of t h e  leading 
edge w i l l  be  maintained a t  a reasonable temperature.  

The s e l e c t e d  l ead ing  edge 

The r e s u l t s  of t h e  analyses  show t h a t  with 
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A s  shown i n  Figure 52, t h e  spike t i p ,  o r  s p h e r i c a l  l ead ing  edge, of t h e  
Scramjet centerbody w i l l  operate  a t  a h ighe r  temperature l e v e l  t han  t h e  
c y l i n d r i c a l  leading edge of t h e  cowl. 
du r ing  f a b r i c a t i o n  and f o r  f i e l d  s e r v i c e a b i l i t y  was a n  important cons ide ra t ion  
i n  t h e  s p i k e  t i p  design s e l e c t i o n .  Consequently, t h e  sp ike  t i p  w i l l  be 
f a b r i c a t e d  from a high temperature c a p a b i l i t y  r e f r a c t o r y  material f o r  use on 
Mach 8 f l i g h t s  and need not be cooled on t h e  back su r face .  

A c c e s s i b i l i t y  t o  t h e  Scramjet centerbody 

5.2.2.3.2 Radiation cooled centerbody forward s e c t i o n .  The forward 
s e c t i o n  of t h e  centerbody w i l l  be uncooled and w i l l  be f a b r i c a t e d  as a detachable  
s e c t i o n  of t h e  main centerbody. Figure 76 shows t h e  s u r f a c e  temperature o f  
t h i s  s e c t i o n  as a func t ion  of a x i a l  s t a t i o n .  This r a d i a t i o n  cooled su r face  
w i l l  extend 18 inches a f t  of t h e  spike t i p  where the  temperature l e v e l  is  
w i t h i n  t h e  a b i l i t y  of a v a i l a b l e  r e f r a c t o r y  metals.  The w a l l  temperatures 
shown i n  Figure 76 are those of t h e  v e r t i c a l  c e n t e r l i n e  of t h e  centerbody 
where t h e  hea t ing  r a t e s  are maximum. These r e s u l t s  include t h e  e f f e c t  of 
t h e  decrease i n  r a d i a t i o n  view f a c t o r  with increased a x i a l  l o c a t i o n .  

3.2.2.3.3 Engine i n t e r i o r  su r f ace  regenerat ive cooling. The s e l e c t e d  
engine configurat ion has a coolant requirement which i s  compatible with t h e  
f u e l  schedule of t h e  engine. The heat  f l u x  d i s t r i b u t i o n s  f o r  t h e  s e l e c t e d  
engine are given i n  Figure 77 f o r  t h e  Mach 8, 88,000 f e e t  a l t i t u d e  condi t ion.  
The three-dimensional i ty  o f  t h e  engine i n t e r n a l  flow and t h e  use cf swept 
i n t e r n a l  contours r equ i r e  t h a t  the engine cool ing system have a high degree 
of v e r s a t i l i t y .  
were evaluated. Some of the designs shown a r e  r ep resen ta t ive  of those 
developed by Marquardt f o r  use on previous and e x i s t i n g  A i r  Force programs. 
The most s u i t a b l e  coolant panel  configurat ion f o r  t h i s  a p p l i c a t i o n  is  shown 
i n  F igu re  60. 
and v e r s a t i l e  system, and it is espec ia l ly  va luab le  as a system t o  which 
con t inua l  refinements may b e  applied without s e r i o u s l y  a f f e c t i n g  schedules 
or c o s t s .  

Seve ra l  coolant passage designs (depicted i n  Figure 56) 

This type of panel r ep resen t s  a low c o s t ,  e a s i l y  manufacturable, 

This design is  described i n  Reference 8. 

5.2.2.3.4 Engine e x t e r i o r  surface s t ruc tu re / coo l ing .  The candidate 
methods considered f o r  p ro tec t ing  t h e  e x t e r n a l  su r f ace  of 'the engine have 
been presented i n  Figure 6 1  and were descr ibed i n  an ear l ier  s e c t i o n .  
Compatibi l i ty  with t h e  X-15A-2 a i r c r a f t ,  r e l i a b i l i t y ,  and ease of r e fu rb i sh -  
ment have a i l  been impsrtant considerat ions i r ?  s e l e c t i n g  t h e  e x t e r n a l  s u r f a c e  
s t r u c t u r e .  Based upon these  considerations,  t h e  e x t e r n a l  engine s u r f a c e  w i l l  
be thermally protected by t h e  a b l a t i v e  s e l e c t e d  by NASA for pro tec t ion  of  t h e  
e x t e r n a l  su r f ace  of t h e  X-l5A-2 a i r c r a f t .  This a b l a t i v e  w i l l  be appl ied i n  
va r ious  thicknesses  over t h e  engine e x t e r n a l  su r f ace  as d i c t a t e d  by t h e  
v a r i a t i o n  i n  hea t ing  r a t e s  t o  the  e x t e r n a l  surface.  S p e c i a l  considerat ion 
w i l l  be given t o  t h e  region of the e x t e r n a l  su r f ace  exposed t o  t h e  shock 
system generated by t h e  vehiclelengine pylon. Figure 63 shows t h e  a b l a t i v e  
th i ckness  requirements i n  the  v i c i n i t y  of t h i s  shock system and a l s o  shows 
t h a t  a 118-inch thickness  of a b l a t i v e  w i l l  maintain t h e  temperatures of t h e  
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remainder of t h e  e x t e r n a l  engine s u r f a c e  a t  s a t i s f a c t o r y  l e v e l s .  This f i g u r e  
shows t h e  r e s u l t s  assuming Emerson T-5OO as a poss ib l e  a b l a t i v e .  

5.2.3 Development. The r e l a t i v e  development d i f f i c u l t i e s  f o r  each of 
t he  s tudy  engine configurat ions a r e  compared i n  Figure 78. 
design or development items were considered: I n l e t  design, i n l e t  development, 
s l i d i n g  seals, s t a t i c  s e a l s ,  combustor design and development, f u e l  flow con- 
t r o l ,  f u e l  d i s t r i b u t i o n  con t ro l ,  coolant  d i s t r i b u t i o n  con t ro l ,  engine geometry 
con t ro l ,  engine geometry a c t u a t i o n  and c o n t r o l  systems, r egene ra t ive  coo l ing  
systems, l ead ing  edges f o r  low sweep angles ,  replaceable  leading edges, 
t h r u s t  load c e l l  i n s t a l l a t i o n ,  i n t e r n a l  load c e l l  i n s t a l l a t i o n ,  r ep laceab le  
centerbodies ,  and t e s t  f a c i l i t y  u t i l i z a t i o n s  f o r  development t e s t i n g .  Each 
des ign  o r  development i t e m  was assigned a weighting f a c t o r  and t h e  r e l a t i v e  
development d i f f i c u l t y  f o r  each i t e m  was judged. Summation of t h i s  matr ix  
ind ica t ed  t h a t  Configuration A would be  t h e  most d i f f i c u l t  t o  develop. As 
expected, Configuration B-1 would be t h e  most s t r a igh t fo rward  t o  develop. 
Configurations C,  D-6, E, and F are a l l  judged about equal  i n  development 
d i f f i c u l t y .  
t i o n  D w a s  r a t e d  somewhat higher  because of  i ts  h e a t  load and d i f f i c u l t i e s  
i n  i n t e r n a l  load c e l l  i n s t a l l a t i o n .  Continuing s t u d i e s  d i s p e l l e d  t h e  high 
hea t  load f a c t o r  of Configuration D ( i . e . ,  Configuration D-6 i n  Figure 74). 
Also,  i n t e r n a l  load c e l l  arrangement w a s  abandoned because of mechanical, 
s t r u c t u r a l ,  s a f e t y ,  and r e l i a b i l i t y  a spec t s  as discussed i n  paragraph 5.2.4. 
Re la t ive  cos t  of developments, ease of s t r u c t u r a l  design, ease of coolant  
system design, i n t e rchangeab i l i t y ,  and weight are shown i n  Figure 70. 

The following 

I n  t h e  i n i t i a l  s tudies ,  the development d i f f i c u l t y  of Conf igura- 

Engine l i f e  i s  bel ieved i n v e r s e l y  r e l a t e d  t o  t h e  d i f f i c u l t y  of engine 
development, i . e . ,  engine l i f e  decreases  as t h e  engine development d i f f i c u l t y  
inc reases .  However, i t  is bel ieved t h a t  t h e  required engine l i f e  as . 
spec i f i ed  i n  Sect ion 4 . 1  of Appendix A of t h e  Statement of  Work can be satis- 
f ied with any of the s tudy  conf igu ra t ion  engines. 
and turn-around time of course f a v o r  t h e  less complex engines.  

Maintenance, refurbishment, t 
The number of engines required f o r  adequate ground and f l i g h t  tests 

programs i s  d i f f i c u l t  t o  estimate without going through a complete develop- 
ment plan f o r  each engine. The problem is related t o  t h e  p r o b a b i l i t y  of a 

, ca ta s t roph ic  f a i l u r e ,  such as t h e  burnout of t h e  r egene ra t ive  coo l ing  system, 
i and i t s  e f f e c t  upon t h e  engine. If such a f a i l u r e  occurs and t h e  engine 

s t r u c t u r e  is not protected f o r  s u f f i c i e n t  time t o  t u r n  o f f  t h e  f u e l  flow and 
abandon t h e  t es t  condition, t h e  number of engines required f o r  t e s t i n g  is  a t  
least p ropor t iona l  t o  t he  number of advance techniques and high r i s k  items 

1, incorporated i n  t h e  engine design.  If t h e  engine s t r u c t u r e  i s  reasonably 
protected,  as it  should be t o  maximize ~ - 1 5 ~ - 2  and p i l o t  s a f e t y ,  t h e  number 
of engines required is not g r e a t l y  d i f f e r e n t  and is not,  t he re fo re ,  a major 
f a c t o r  i n  engine concept s e l e c t i o n .  



5.2.4 Instrumentation. A preliminary r epor t  on ground and f l i g h t  tes t  
instrumentat ion requirements (Reference 11) w a s  published a t  the  time of t h e  
mid-term o r a l  review. I n  f u l f i l l i n g  the  Statement o f  Work and t h e  Addendum 
of A p r i l  26, 1965, it was recognized t h a t  i n t e r n a l  load c e l l s ,  r e a c t i n g  t h e  
f o r c e s  on t h e  i n l e t  and combustor-nozzle, would provide redundancy i n  d e t e r -  
mination of t h e  i n t e r n a l  ramjet t h r u s t ,  and a l s o  would a i d  i n  determinat ion 
of t h e  effeciency of t h e s e  i n t e r n a l  components without t h e  use of probes and 
survey rakes i n s e r t e d  i n t o  t h e  gas stream. These s t u d i e s  were conducted con- 
temporaneously with t h e  engine concept s t u d i e s ,  and t h e  a b i l i t y  t o  include in -  
t e r n a l  load c e l l s  i n t o  t h e  mechanical /s t ructural  design of t h e  engine was rated 
along wi th  o t h e r  s e l e c t i o n  c r i t e r i a .  Figure 69 f o r  example, shows t h e  i n t e r n a l  
load c e l l  arrangement with engine Configuration E. 

A s  t h e  s t u d i e s  continued, however, it became evident  t h a t  t he  development 
of t h e  i n t e r n a l  load c e l l  arrangement would be extremely d i f f i c u l t ,  even f o r  
the axisymmetric engine where t h e  s p l i t  between i n l e t  and combustor could 
be loca ted  a t  a planar  s e c t i o n .  Alignment, cooling, t h e  mechanical design, 
s l i d i n g  s e a l s ,  e t c  ., presented added complexities.  I n  p a r t i c u l a r ,  t he  
i n t e r n a l  load c e l l  arrangements forced undesired compromises t o  t h e  r e l i a b i l i t y  
and s a f e t y  of t h e  design, inasmuch as t h e  r egene ra t ive ly  cooled panels were 
of n e c e s s i t y  load ca r ry ing  members. Also, weight became a f a c t o r  because 
each i n t e r n a l  load c e l l  weighed approximately 5 pounds. 

Concurrent with t h e s e  s tud ie s ,  t h e  problem of d e f i n i n g  t h e  i n t e r n a l  
ramjet t h r u s t  from t h e  b a s i c  n e t  fo rce  load c e l l  and convent ional  i n t e r n a l  
i n s t m e n t a t i o n  w a s  continuing. It w a s  reasoned t h a t  c a r e f u l l y  designed 
models, s imulat ing t h e  e x t e r n a l  engine l i n e s  and contoured i n t e r n a l l y  such 
t h a t  only f r i c t i o n  d rag  would r e s u l t ,  could y i e l d  accu ra t e  d rag  measurements. 
(The base drag can be e a s i l y  determined.) The cold flow engine model 
s i m i l a r l y  could be  used t o  determine e x t e r c a l  d r a g  from t h e  ne t  f o r c e  load 
c e l l  with a s p e c i a l l y  contoured i n t e r n a l  configurat ion.  
engine drag, t h e  net f o r c e  load c e l l  measurements could then be used t o  
determine t h e  i n t e r n a l  t h r u s t .  Similarly,  t h e  f l i g h t  engine measurements with 
fue l -o f f  as opposed t o  fue l -on  would need only a c o r r e c t i o n  f o r  cold flow 
i n t e r n a l  drag which can be  reasonably estimated. With t h i s  reasoning, t he  
i n t e r n a l  load c e l l  con f igu ra t ion  was dismissed, and t h e  engine concepts were 
re-examined t o  s e e  if t h i s  conclusion would change t h e  engine concept s e l ec -  
t i o n .  The r e s u l t  of t h i s  re-examination w a s  t o  reduce t h e  development 
d i f f i c u l t y  of the thermal compression configurat ions wi th  r e spec t  t o  t h e  a x i -  
symmetric configurat ions,  i .e . ,  it had been considerably more d i f f i c u l t  t o  
p h y s i c a l l y  sepa ra t e  t h e  i n l e t  f r o m  t h e  combustor-nozzle i n  order  t o  l o c a t e  
t h e  load  c e l l s  a long t h e  swept planes c h a r a c t e r i s t i c  of t h e  f u e l  i n j e c t o r  
p a t t e r n s  f o r  t h e  thermal compression configurat ions.  

Knowing t h e  e x t e r n a l  

The two o t h e r  s i g n i f i c a n t  instrumentation e f f e c t s  on engine configurat ion 
were t h e  a v a i l a b i l i t y  of  volume f o r  t h e  necessary engine pressure and tem- 
p e r a t u r e  instrumentat ion and t h e  a c c e s s i b i l i t y  of t h i s  volume. These are 
necessary t o  f a c i l i t a t e  higher  measurement accuracy through c l o s e  coupling 
of measurement point,  sensors,  and s i g n a l  condi t ioning and t o  allow con- 
v e n i e n t  i n s t a l l a t i o n ,  refurbishment, and c a l i b r a t i o n  of instrumentation. 
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The r e l a t i v e  volume a v a i l a b l e  f o r  instrumentat ion f o r  t h e  va r ious  engine 
configurat ions is  presented i n  Table VIII. 

5.2.5 Research a p p l i c a b i l i t y .  There are not a l a r g e  v a r i e t y  of engines 
and engine concepts t h a t  could be  developed, using t h e  a v a i l a b l e  technology, 
which would s a t i s f y  t h e  primary ob jec t ives  of speed, a l t i t u d e ,  performance, 
weight, s a fe ty ,  e t c .  of t h e  present  s tudy  e f f o r t .  Also, it was recognized 
t h a t  the engine, i n  a d d i t i o n  t o  meeting minimum performance and ope ra t iona l  
requirements, must s e rve  as a research t o o l  t o  advance t h e  technology of 
hypersonic a i r b r e a t h i n g  propulsion sys  tems . 

A measure of the r e sea rch  a p p l i c a b i l i t y  t o  t h e  problems of aerothermo- 
dynamics, combustion, a d  performance is  t h e  number of engine v a r i a b l e s  
a f f e c t i n g  these  items. For t h e  candidate  engine concepts s tudied,  t he  
fol lowing l i s t s  the more s a l i e n t  items: 
va ry  con t r ac t ion  r a t i o  and engine a i r  flow, ( 2 )  Fuel  flow, ( 3 )  Fuel  
d i s t r i b u t i o n ,  ( 4 )  Interchangeable centerbodies t o  change con t r ac t ion  
r a t i o  or s p i l l a g e  o r  t o  va ry  t h e  combustor i n l e t  p r o f i l e ,  ( 3 )  I n t e r -  
changeable and replaceable i n l e t  leading edges, t o  determine e f f e c t s  upon 
engine performance, b a s i c  research upon t h e  e f f e c t s  of boundary l a y e r  transi- 
tion, sepa ra t ion ,  and heat  t r a n s f e r ,  The c a p a b i l i t y  of subsonic as w e l l  
as supersonic combustion t o  b e t t e r  d e f i n e  t h e  optimum t r a n s i t i o n  f o r  mission 
s t u d i e s ,  and (7)  
thermal compression process.  
comparison of t h i s  measure of research f l e x i b i l i t y  is shown. 
i t  may be seen t h a t  Configurations D and E o f f e r  t h e  h ighes t  l e v e l s  of 
research f l e x i b i l i t y  . 

(1) Spike p o s i t i o n  or a b i l i t y  t o  

(6 )  

The advancement and exp lo ra t ion  of t h e  p o t e n t i a l s  of t h e  
Figure 79 l i s t s  t h e s e  items and a r e l a t i v e  

On t h i s  b a s i s ,  

A similar measure of research f l e x i b i l i t y  i s  t h e  a p p l i c a b i l i t y  of t h e  
research tes t  d a t a  t o  t h e  problems of f u t u r e  engine design.  For t h i s  com- 
pa r i son ,  t h r e e  broad areas of app l i cab le  technology were e s t ab l i shed ,  I 

namely, basic  aerodynamics, combustor design, and system i n t e r a c t i o n .  A 
f u r t h e r  breakdown and t h e  r e s u l t s  of t h e s e  s t u d i e s  are summarized i n  Figure 
80 wherein each engine conf igu ra t ion  is r a t e d  yes or no as t o  i t s  a p p l i c a b i l i t y .  
Again, on t h i s  basis ,  Configurations D and E have t h e  g r e a t e s t  a p p l i c a t i o n .  
The s implest  engine (Configurations B o r  B-1) provides r e l a t i v e l y  l i t t l e  p r a c t i c a l  
des ign  information. The a p p l i c a t i o n  of r e sea rch  test  d a t a  t o  the  problems 
of f u t u r e  engine design m u s t  a l s o  consider t h e  test  r e s u l t s  t o  be  obtained 
i n  l i g h t  of t h e  configurat ion arrangements a r i s i n g  from prel iminary design 
and mission s t u d i e s  f o r  f u t u r e  manned and unmanned v e h i c l e s .  
s t u d i e s  a r e  t h e  Scramjet Surface t o  A i r  Missiles and AICBM's and the  Manned 
Hypersonic Test Vehicles (MIFll'V) . Extensive a p p l i c a t i o n  s t u d i e s  by Marquardt, 
airframe contractors ,  and NASA show t h a t  rectangular/modular engines have 
maximum p o t e n t i a l  app l i ca t ion  (Figures  81 and 82).  S imi l a r ly ,  l a r g e  boos te r  
veh ic l e s  may u t i l i z e  t h e  hypersonic ramjet engine loca ted  around t h e  periphery 
of t h e  veh ic l e .  
modules. 

Representat ive 

These engines t y p i c a l l y  would b e  developed as s e p a r a t e  
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5.2.6 I n l e t  Mach number design s p e c i f i c a t i o n  change. In  response t o  t h e  
Statement of Work (L-4947, paragraph 5.1.2, Item (7)  ), The Marquardt Corporation 
has assessed the relative advantages and disadvantages,  f o r  each configurat ion,  
of reducing the maximum i n l e t  entrance Mach number from 8 t o  7. T o t a l  enthalpy 
would, however, remain constant  at t h e  M, = 8 value.  

Nine comparison items were assumed s u b j e c t  t o  change as shown i n  Figure 
A maximum po in t  value of f i v e  w a s  ass igned t o  each item. 83. 

i n d i c a t e s  no change. Summation of t h i s  matr ix  leads t o  these  conclusions: 
No po in t  va lue  

- 
1. There are no disadvantages incurred by such a s p e c i f i c a t i o n  change. 

2. 
f i g u r a t i o n  B has t h e  least performance f l e x i b i l i t y  by v i r t u e  of i t s  simple 
design.  
( w i t h i n  s p e c i f i e d  l e v e l s )  considerably eases i ts  des ign  and development. 

Configuration B p r o f i t s  the most from the s p e c i f i c a t i o n  change. Con- 

Therefore, reducing t h e  Mach number span over which it m u s t  operate  

3. Configurations A, C, P, E, and F equa l ly  p r o f i t  from such a change 
but  t o  a lesser ex ten t  than Configuration B. 

(9.. 

4. The confidence l e v e l  f o r  a l l  engines is raised by such a change 
because full s c a l e  ground t e s t i n g  can be  accomplished over a l a r g e r  po r t ion  
of t h e  f l i g h t  envelope. 

3.2.7 Fue l  i n j e c t i o n  and d i s t r i b u t i o n .  Axial  d i s t r i b u t i o n  of f u e l  i n j e c t i o n  
must be accomplished i n  a l l  engine configurat ions considered t o  provide reason- 
a b l e  performance, t o  reduce t h e  heat f lux t o  t h e  combustor walls, and t o  
provide s u r f  i c  i e n t  combustion expans ion area ( t o  prevent thermal choking) . 
The a x i a l  d i s t r i b u t i o n  of f u e l  f o r  t h e  axisymmetric Configurations A and B 
u t i l i z i n g  staged rows of i n j e c t o r s  normal t o  t h e  d i r e c t i o n  of t h e  a i r  stream 
is i n  gene ra l  a more d i f f i c u l t  job t o  accomplish than for t h e  engine designed 
f o r  thermal compression. For such configurat ions,  t h e  compressions r e s u l t i n g  
from t h e  mixing and combustion of each ind iv idua l  f u e l  i n j e c t o r  w i l l  tend 
t o  coa le sce  and form s t rong  shock systems, r e s u l t i n g  i n  lower e f f i c i e n c y  
and concentrated h e a t  loads on the combustor w a l l .  The amount of f u e l  i n -  
j e c t e d  a t  a given s t a t i o n ,  o r  t h e  t o t a l  f u e l  flow, may be r e s t r i c t e d  t o  
prevent thermal choking. This i m p l i e s  t h a t  more a x i a l  i n j e c t o r  s t a t i o n s  
may be required,  and correspondingly, t h e r e  would be  g r e a t e r  v a r i a t i o n  i n  
t h e  scheduling of f u e l  i n j e c t i o n  for t h e  Mach number and a l t i t u d e  range 
d e s i r e d .  The axlal spreading cu t  of f u e l  i n z e c t c r s  alsc implies a d d i t i o n a l  
combustor length,  wetted area, and hence hea t  load. This, i n  turn,  i n d i c a t e s  
larger cool ing flow rates and reduced ope ra t iona l  c a p a b i l i t y .  In  summary, 
f o r  t h i s  app l i ca t ion ,  it is evident t h a t  t h e  thermal compression configurat ions 
have a d i s t i n c t  advantage i n  f u e l  d i s t r i b u t i o n ,  scheduling o r  i n j e c t i o n  rates, 
and cool ing equivalence r a t i o .  
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5.2.8 Comparative s t u d i e s  - t o t a l  comparison. Engine s tudy  Configurations 
A through F have been compared consider ing a l l  major f a c t o r s  a f f e c t i n g  engine 
s e l e  c t ion. 

%sed upon t h i s  comparison, t he  thermal compression configurat ions c l e a r l y  
emerge as s u p e r i o r  research engines.  
comparison, was i n i t i a l l y  s e l e c t e d  as t h e  engine t o  b e  taken i n t o  t h e  pre- 
l iminary design phase and it w a s  s o  recommended at t h e  Mid-Term Oral Review 
i n  September, 1965. This recommendation w a s  s h o r t l y  revised i n  f a v o r  of t he  
s imple r  geometry of t he  s i n g l e  centerbody Configuration D. Recognizing t h a t  
high engine performance wi th  f i x e d  geometry low con t r ac t ion  r a t i o  i n l e t s  can 
only be accomplished by  e x p l o i t i n g  unconventional i n l e t  designs and by  ca re -  
f u l  a t t e n t i o n  t o  f u e l  d i s t r i b u t i o n ,  it has been reasoned t h a t  performance pre- 
d i c t i o n  a n a l y s i s  and c o r r e l a t i o n  of both ground and f l i g h t  tes t  d a t a  o f  t h e s e  
r a t h e r  complex phenomena i n i t i a l l y  would be easier t o  accomplish f o r  the pur- 
poses of t h i s  program with a less complex engine geometry, i .e. ,  Configuration 
D-6 r a t h e r  than Configuration E. To a i d  the  reader, a conf igu ra t ion  h i s t o r y  
of t he  f i n a l  engine Configuration D-6 taken i n t o  prel iminary des ign  and develop- 
ment planning a c t i v i t i e s  is shown schematical ly  i n  Figure 84. The engine t o  
b e  developed f o r  the NASA Hypersonic Ramjet Research Engine P m j e c t  has  been 
designated as t h e  MA-163 Hypersonic R a m j e t  Engine. 

Engine Configuration E, based upon t h i s  

6 .O CONCLUSIONS AND RECOMMENDATIONS 

A r ec t angu la r  engine employing f i x e d  geometry components has been 
der ived.  This  configurat ion (Configurat ion D-6, shown i n  Figure 83) is  be- 
l ieved uniquely s u i t e d  t o  t h e  requirements of t h e  Hypersonic R a m j e t  Experiment 
P ro jec t .  

The engine concept u t i l i z e s  t o  advantage t h e  thermal compression process.  
A t  low speeds, t h e  i n l e t  s p i l l a g e  and c o n t r a c t i o n  r a t i o  are low such t h a t  
adequate performance may be obtained and such t h a t  t h e  i n l e t  w i l l  r e a d i l y  
swallow the  terminal  shock during t h e  s t a r t u p  t r a n s i e n t .  
con t ro l l ed  axial f u e l  d i s t r i b u t i o n  is  used t o  provide t h e  h ighe r  e f f e c t i v e  
i n l e t  c o n t r a c t i o n  r a t i o s  necessary f o r  adequate performance. Performance 
exceeding t h e  minimum performance goals  over t h e  Mach number range 4 t o  8 
is achieved without t h e  use of v a r i a b l e  geometry components. The engine 
is capable of operation and produces u s e f u l  t h r u s t  a t  speeds t o  Mach 3.0. 

A t  h igher  speeds, 

The inlet-combustor combination i s  c l o s e l y  i n t e g r a t e d ,  r e s u l t i n g  i n  
nominal i n l e t  and combustor e f f i c i e n c y  requirements.  
and hea t  f l u x  are minimized c o n s i s t e n t  with t h e  performance requirements.  
The s t a t ionwise  d i s t r i b u t i o n  of f u e l  i s  uniquely s u i t e d  t o  t h e  inlet-com- 
bus to r  matching required t o  u t i l i z e  t h e  thermal compression process.  

The combustor l eng th  
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The c l o s e  i n t e g r a t i o n  of t h e  inlet-combustor and t h e  design of t h e  i n l e t  
permit t h e  attainment of cool ing equivalence r a t i o s  of less than  1.0. 
i n l e t  l ead ing  edges are h igh ly  swept t o  promote i n l e t  s t a r t u p  and t o  reduce 
t h e  l ead ing  edge hea t  loads. The i n i t i a l  s e c t i o n  of t h e  i n l e t  centerbody 
and t h e  cowl leading edges a r e  r a d i a t i o n  cooled. 

The 

, 
I n t e r n a l  pressures  are nominal. A s a l i e n t  f e a t u r e  of t h e  design is t h e  

p rov i s ion  f o r  a cold in su la t ed  s t r u c t u r e ,  r e s u l t i n g  i n  l i g h t  w e i g h t ,  f l i g h t  
s a f e t y ,  r e l i a b i l i t y ,  and easy access t o  f u e l  i n j e c t o r  and instrumentat ion 
compartments f o r  maintenance, r epa i r ,  or ground changes. 

The engine provides a maximum of research f l e x i b i l i t y .  Subsonic as w e l l  
as supersonic  combustion modes a r e  a v a i l a b l e .  The engine is designed t o  
ope ra t e  over t h e  e n t i r e  f l i g h t  envelope of t h e  X-13A-2, and it w i l l  provide 
r e sea rch  t e s t  d a t a  t o  guide f u t u r e  hypersonic engine design i n  t h e  bas i c  
areas of aerodynamics, combustion, and system i n t e r a c t i o n .  Interchangeable 
r a d i a t i o n  cooled l ead ing  edges on t h e  i n l e t  cowl and centerbody t i p  w i l l  add 
t o  t h e  research f l e x i b i l i t y  of  t h e  engine.  

Engine development c o s t  and t i m e  i s  c e r t a i n l y  minimized by t h e  
of v a r i a b l e  geometry. 
ment of long s t roke ,  high response a c t u a t o r s  and c o n t r o l  systems i n  a h o s t i l e  
temperature environment. S l i d i n g  s e a l s  a l s o  would b e  required.  

A v a r i a b l e  geometry system would r e q u i r e  t h e  develop- 

-8 

The s e l e c t e d  engine i s  compatible with t h e  X-l5A-2 i n s t a l l a t i o n .  
Automatic c o n t r o l  systems (with p i l o t  ove r r ides )  are envisioned t o  minimize 
r equ i r ed  p i l o t  a t t e n t i o n .  X-15 and p i l o t  s a f e t y  are fundamental requirements 
as r e f l e c t e d  i n  t h e  f i n a l  engine s t ructure/cool ing concept. 
panels f o r  t h e  p i l o t  are envisioned t o  aid i n  monitoring t h e  f l i g h t  t e s t s  
and t o  t a k e  c o r r e c t i v e  measures i f  required.  The engine can be  j e t t i s o n e d  

Control d i s p l a y  

if 

1. 

2 .  

3.  

4. 

required.  
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LIST OF SYMBOLS 

Symbol Description 

A Are a 

C I n t e r n a l  t h r u s t  c o e f f i c i e n t  

h S t a t i c  enthalpy 
TYi 

Tot a 1  enthalpy 

Hydrogen 

Fuel s p e c i f i c  impulse 

I n l e t  process e f f ic iency  (h2 - h;)/(h2 - ho) 

Nozzle process e f f ic iency  ( h  

PY 
H2 

's,iY ISF 

5 
KN 0 - h4)/(h3 - h j )  

M Mach number 

P, p S t a t i c  pressure 

To ta l  pressure pT 

q Dynamic pressure 

6 Heat f lux 

Re Reynolds number 

Ro, % 
T Temperature 

I n l e t  l ead ing  edge radius 

TT 

TW 

wf 

X 

Y 

T o t a l  temperature 

Wall temperature 

Fuel  flow r a t e  

S t a t i o n  

I n l e t  width or c h a r a c t e r i s t i c  dimension 

8 Radiation emis s iv i ty  
S 
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Symbo 1 

VC 

%E 

17N 

# 

8 
j 

A 

Subscr ip ts  

i 

T 

f 

C 

W 

eff 

F 

D 

NE 

Fz 

Descript ion 

Combustion e f f i c i e n c y  

I n l e t  k ine t i c  energy e f f i c i e n c y  (% - hA)/(% - ho) ,* 9 0  

Nozzle k i n e t i c  energy e f f i c i e n c y  (% - h4)/(%,3 - "j) 
9 

Fuel  i n j ec t ion  angle 

Rat io  of coolant  o r  f u e l  f low t o  s t iochiometr ic  f u e l  flow 

I n l e t  leading edge sweep angle 

I n t e r n a l  

To ta l  

Fuel 

Coolant 

w a l l  

Jet 

Effec t ive  

Viscous 

Divergence 

Nonequilibrium 

Freeze 

Surf ace 

S t a t i o n  Notation 

W Free stream 

0 Immediately ahead of i n l e t  

2 Combust o r  i n l e t  
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Symbol 

3 

4 

0' 

3 
1 

Description 

Nozzle i n l e t  

Nozzle e x i t  

Reference area,  1.76 sq f t  

I sen t rop ic  expansion from s t a t e  3 t o  pressure a t  s t a t e  0 

I sen t rop ic  expansion from s t a t e  3 t o  pressure  a t  s t a t e  4 
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TABLE I 

SUMMARY OF RESPONSE TO GUIDELINES 
FOR HYPERSONIC RAMJET RESFARCH ENGINE PROJECT 

Guide l i n e  Requirement Marquardt Response 

ENGINE MACH NUMBEX3 AND ALTITUDE CAPABILITIES 

Design flow f i e l d  

Mach number range A s  spec i f i ed  

Operat ional  a l t i t u d e  range 

ENGINE PERFORMANCE REQVrREMENTS 

Free stream, Line B-B 

X-l5A-2 f l i g h t  envelope 

Def in i t i ons  - See Prel iminary Design 
7 ,  Report No. 6102 

Performance (Mach 4 t o  8) 
Perf'ormance; X-1%-2 flow f i e l d  Not g r e a t l y  compromised. See 

Free stream; Cti, Isi, Figure 2 

Pre l iminary  Design Report No. 6102 

Disc ont  inui  t i e  s 

External  drag 

Equivalence r a t i o  (burning) 

A s  spec i f i ed  

Funct ion of i n s t a l l a t i o n  on X-13A-2 

Selected conf igura t ion ,  D-6, w i l l  
opera te  a t  $ 5 1 a t  M, 2 4 

ENGINE DESIGN F-lWI'URES 

Ehgine Size and Overall Configuration 

Capture a r e a  1.76 sq f t  
Engine length 

Nozzle e x i t  a rea  Twice t h e  i n l e t  capture  a r e a  

F l i g h t  instrumentat ion 

82 inches  (Configurat ion D-6)  

See Pre l iminary  Design Report 
NO. 6102 

48 



WLE I (Continued) 

Guideline Requirement h r q u a r d t  Response 

Combustor Operating Modes 

Variable Geometry 

Structures  and Cooling 

Structural  i n t e g r i t y  

Cooling 

Fue 1 - 
Fuel  f o r  ing i t ion  

Ehaines Reauired and Ehaine Li fe  

Number of engines required 

Engine l i f e  

Engine S tar t ing  and Restarting 

S tar t ing  and r e s t a r t i ng  

M 
M" = 3 t o  6, subsonic combustion 

None 

Thermal protection required 

= 3 t o  8, supersonic combustion 
03 

Maintained a t  a l l  t i m e s .  See 
Preliminary Design Report No. 6102 
A s  specified 

Hydrogen c a p c i t y  = 48 lbs  
See Preliminary D e s i g n  Report 
NO. 6102 

3.0  plus 100% spares 

200 cycles f o r  a l l  components 

Configuration selected inherent ly  
r e s t a r t ab le  w i t h  f u e l  flow re- 
duction. Igni t ion system supplied. 

Unstarts A s  specified 

M g l n g  A s  specified 

Ref - D b i s h e n t  and m i n t e m m e  A s  specified 
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TABLE I1 

X - 1 5 ~  AIRPLANE REQUIREMENTS & INFORMATION RELATED TO THE 
HYPERSONIC FUNJET RESEARCH ENGINE PROJECT 

Requirement 

ENGINE INSTALLAT I O N  

F l i g h t  S a f e t y  

Engine j e t t i s o n  

Purging system 

F i r e  warning device 

S t r u c t u r a l  design c r i t e r i a  

A t  t ac hment 

(Ground clearance 

Engine removal and replacement 

Thrust  and drag measurements 

Engine weight 

Remarks 

S a f e t y  of X - 1 5  and p i l o t  not t o  be 
endangered 

To be incorporated i n  design of 
attachment 

To be incorporated i n  research engine 

Required f o r  p i l o t  a t t e n t i o n  

Yaw = 7 . Dynamic p res su re  t o  

I n e r t i a  
Longitudinal +4.5 g 

Transverse 21.0 g 

Angle of a t t a c k  = -5 O, + 0 ,  + 30" 

2500 psf 

-3.0 

Normal +6.8 
-1.0 g 

F a c t o r  of s a f e t y  = 1 . 5  based on 
u l t ima te  s t r e n g t h  

See Figure 2 of Appendix A t o  the 
Statement of Work 

Design f o r  easy  removal and replace-  
ment 

Thrust  and d r a g  measured i n  f l i g h t  

Not t o  exceed 800 l b s  

. 
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TABIJ3 I1 (Continued) 

Requirement 

3PERXCION OF ENGINE 

P i l o t  Control 

Pressurizat ion and Purging 

Available Fuel 

Available E l e c t r i c a l  Power 

Power and Signal Grounds 

Cooling 

Vibration 

Ambient Environment 

FLIGHT TEST ASPECTS 

General 

Remarks 

Minimum p i l o t  a t t en t ion  

Helium system NASA CR-53481, 
(Report 6020) 

48 lbs  l i qu id  hydrogen. 

3-Phase, 115 vo l t s ,  400 cycles a-c 
28 vo l t s  d-c. 10 amps a-c o r  d-c 
(To be shared with x-15 instrumen- 
t a t i o n )  1 . 5  KVA prelaunch heating 
power avai lable  from B-52. R a m j e t  
e l e c t r i c a l  system t o  be f a i l - s a fe .  

Single point  grounding by NASA 
a i r c r a f t  wiring 

Compatible with X-l5A-2 sa fe ty  
Nonburning cooling phase may use 
helium system of X-l5A-2 

Environment of 0.06-in. double 
amplitude at 10 t o  55 cps and 3 g 
vibrat ion from 55 t o  2000 cps. 
Engine and mount designed t o  avoid 
vibrat ion inputs at l e s s  than 5 cps, 
between 10 and 1 5  cps, and between 
9 and 100 cps. 

Low speed ambient environment of 
B-52 at 45,000 f t .  f o r  75 minutes 
p r i o r  t o  launch 

Program t o  consis t  of 25 f l i g h t s  by 
NASA at Edwards FRC over present 
X - 1 5  t e s t  range 
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Requirement 

TABLE I1 (Continued) 

Remarks 

Landing 

I Ear ly  F l i g h t  Engine Experiments 1 Cold flow (Nonburning) 

Rodgers Dry Lake bed; o the r  d r y  lake  
beds i n  emergency. Engine t o  accept 
f i n e  dust  assoc ia ted  with cur ren t  
X - l 5 A - 2  systems. 

1 F l i g h t  Research with Engine I Combustion 

F l i g h t  Test  Times 

A t  h igher  speeds i n  s t eps  t o  gradual ly  
increase s e v e r i t y  of environment 

20 seconds at  M, = 7.8 
45 seconds a t  M, = 7.0 

a 
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TABLE I11 

ENGINE CONCEPT SELECTION CRITERIA 

' e r r  ormance and F l e x i b i l i t y  

Engine performance (Minimum goals)  

Component performance ( In t e r r e l a t ionsh ips ,  a r ea  requirements,  e t c  .) 
Operation f l e x i b i l i t y  (Al t i tude ,  Mach number) 

Research p o t e n t i a l  (Combustor mode, Mach number, a l t i t u d e ,  s c a l a b i l i t y )  

Growth p o t e n t i a l  

Ex te rna l  drag  

rlechanical/Structural Design 

X-15 Compatibi l i ty  

S ize  

Shape 

Fuel  i n j e c t i o n  and d i s t r i b u t i o n ,  equivalence r a t i o  

Cooling--Type, s e n s i t i v i t y  t o  design, coolant  load 

F'uel--Handling, con t ro l ,  purging 

P i l o t  c o n t r o l  and monitoring required 

S t r u c t u r a l  concepts 

Mate r i a l  requirements 

Instrumentat ion requirements and i n s t a l l a t i o n  

Degree of v a r i a b l e  geometry required 

Growth p o t e n t i a l  

kvelopment 

D i f f i c u l t y  

Number of engines requi red  

S t a t e  of t h e  a r t  

Costs 

T e s t a b i l i t y  

Engine l i f e  

Weight 

Manufacturing and t o o l i n g  requirements 

R e l i a b i l i t y  
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Configuration 

A 

B 

B-1 

C 

D 

D-6 

E 

F 

TABLE IV 

INLET GEOMETRIC DATA 

Primary Compression 

( I sen t rop ic  sp ike)  

15' Cone ha l f  angle 

( I sen t rop ic  sp ike)  

10 O Wedge; 3 1/2 O i n t e r n a l  cone 

10' Cone ha l f  angle 

10' Cone ha l f  angle 

6 2-D I sen t rop ic  spike 

8 2-D I sen t rop ic  spike 

7 harac t e ri  s t i c  
Length 
( I n s . )  

98.0 

32.5 

46.0 

28.0 

31.0 

26 .o 

20.3 

20.3 

Awe t 

Are f 
- 

16.50 

2.47 

3.00 

4.00 

3.26 

2.73 

2.02 

2.50 



TABLE V 

SUMMARY OF INLET GEOMETRIC AND PERFORMANCE FACTORS 

0.87 . 
0.58 
0.85 
0.85 
0.95 
0.88 

~ 0.88 

A 
B 
C 
D 

D-6 
E 
F 

A 0.920 0.505 
B 0.815 0.415 
C 0.925 0.400 
D 0.930 0.410 

D-6 0.935 0.460 
E 0.930 0.450 
F 0.940 0 . 4 9  

0.910 
0 965 
0 965 
0 955 
0 970 
0 951 
0 9 970 

0.984 0.93 o .065 
0.979 1.00 0.250 
0.977 1.00 0.050 
0.977 1.00 0.050 
0.981 0.98 0 .ego 
0.980 1.00 0.050 
0.983 1.00 0.050 

0 . 6 9  
0.888 
0 9 770 
0.705 
0.830 
0.693 
0.820 

0.944 
0.989 
0 976 
0 967 
0.980 
0.965 
0.982 

0.170 
0.249 
0.140 
0.140 
0.140 
0.140 
0.140 

Ma = 6 I 
A 
B 
C 
D 

D-6 
E 
F 

o.go0 
0 895 
0 970 
0 950 
0 965 
0 950 
0.960 

0.545 
0.685 
0.620 
0.520 
0.693 
0.530 
0 633 

0 972 
0.984 
0.980 
0 972 
0.984 
0 0972 
0.980 

0.92 
0.74 
0.98 
0.98 
0.98 
1.00 
1.00 

0 .ow 
0.245 
0.050 
0.050 
0.050 
0.050 
0.050 
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Configuration 

TABLE V I  

NOZZIB GEOMETRIC DATA 

L " 

30 * 7  

45.7 

27.8 

38 

38 

38 

3.45 

3.38 

2.93 

2.89 

2.81 

2.98 

Equivalent 
Expans  ion  

9 O con ica l  

8 "  con ica l  

9 " con ica l  

4" 2-D 

6 "  2-D 

6 114 O 2-D 

8.5 

10.63 

7 

10 

6 
J 

28* 

2 

6.2 

1.88 

1.88 

1.88 

2 

1.8 

1.8 

c 

* Includes wetted a r e a  of centerbody support  struts. 
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